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ABSTRACT 
The work presented in this thesis is in two areas - study of novel pathogens resulting from new 
encounters between crop and native species and ‘mining’ for plant virus resistance genes in the model 
legume Medicago truncatula.  
The history of agriculture in Western Australia (WA) is less than 150 years old. All major broadacre 
and horticultural crops grown in WA have been introduced from overseas. These introduced 
horticultural and field crops potentially carry pathogens which may be transferred to infect native 
vegetation. Conversely, cultivated plants are vulnerable to infection by pathogens present in 
indigenous plants. This potential for new disease encounters is compounded by expansion of 
agriculture to crop new land and by predicted climate changes. These changes may provide selective 
advantage to a particular pest or disease, enabling infection to increase and so increase crop losses or 
damage native species. Global trade in agricultural produce also increases the potential for 
introduction of exotic pathogens. The focus of the first part of the research was to look for new 
pathogens of crops and native plants in WA.  
A series of field trips to study diseases in horticultural crops and native vegetation were made in the 
agricultural regions of Carnarvon, Broome, Kununurra, Perth and the surrounding metropolitan area. 
Although the initial focus was on virus diseases, the work expanded to study phytoplasma-associated 
diseases, because of their widespread occurrence and clear symptoms. 
In the agricultural region around Kununurra the potyvirus Bean common mosaic virus (BCMV) was 
found infecting Phaseolus vulgaris crops. Sequencing of isolates collected provided the first reliable 
molecular confirmation of the presence of BCMV in Australia.  
In joint work with K. Bayliss three commercial Paulownia tree plantations near Perth were found 
exhibiting symptoms of Witches'-Broom disease. The Paulownia trees were found to be associated 
with 'Candidatus Phytoplasma australiense' 16SrXII group. Chickpeas in the Kununurra region were 
found with symptoms of stunting, little leaf and proliferating branches and tested positive for 
phytoplasma. Sequencing confirmed the presence of a phytoplasma with high similarity to the 16SrII 
group 'Ca Phytoplasma aurantifolia' (peanut witches broom group). This is the first molecular 
evidence for a phytoplasma-associated disease in chickpea. Red clover (Trifolium pratense), several 
other pasture legumes and paddy melon (Cucumis myriocarpus) with symptoms of diminished leaf 
size, pallor, rugosity, leaf deformation, shoot proliferation and stunting were observed amongst pasture 
plots in south-western Australia. All species with these symptoms were positive for a phytoplasma 
resembling 'Ca Phytoplasma australiense, 16SrXII group. This association was confirmed for red 
clover and paddy melon by subsequent nested PCR and sequence analysis. This is the first time that 
'Ca. Phytoplasma australiense, 16SrXII group, has been reported infecting these hosts in southern WA. 
Snakebean (Vigna unguiculata var. sesquipedalis) and tomato (Lycopersicon esculentum) plants with 
phytoplasma-like symptoms were found in the horticultural region at Broome. The symptoms on 
snakebean were typical of phytoplasma disease. Sequence analysis identified that the agent associated ABSTRACT 
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with the symptoms as a strain of sweet potato little leaf strain V4 (SPLL-V4) phytoplasma (16SrXII 
group, strain of 'Ca Phytoplasma australiense'). SPLL phytoplasma has not been reported in snakebean 
or tomato in this isolated agricultural region. In a survey in the Gascoyne region phytoplasma-like 
symptoms were found in tomato, eggplant and papaya. Previously in this region plants had been found 
to be associated with peanut witches broom phytoplasma 16SrII group 'Ca Phytoplasma aurantifolia'. 
Phytoplasma-like symptoms which included bunchy growth, witches’ broom and ‘little leaf’ were 
observed in Allocasuarina fraseriana (Western Sheoak, Casuarina) and Acacia saligna (Acacia, 
Orange Wattle) trees in Kings Park and Botanic Garden Perth WA. Phytoplasma-associated disease 
was confirmed for the first time in native Australian casuarina and acacia trees in WA. Based on the 
identification of these phytoplasma associated diseases in WA, phytoplasma-associated diseases can 
be divided into two zones, because phytoplasma 16SrII group was found mostly in the north west of 
WA and the 16SrXII group in the south west of WA. This work has added to knowledge of the extent 
and distribution of phytoplasma disease in WA: it is concluded that crop-associated phytoplasma 
disease originated from native vegetation. 
The aim of the second part of the research was to screen and map a virus resistance gene in the model 
legume  M. truncatula to better understand host/pathogen interactions of legume-infecting viruses. 
Natural resistance genes found in M. truncatula could then be used to locate similar genes in grain 
legumes (e.g. chickpea and lupins) for practical applications. M. truncatula is a model legume which 
has a relatively small genome. International consortia have been established to develop genomic 
resources for M. truncatula. The M. truncatula core collection (from SARDI, South Australia) 
totalling 230 accessions was screened for resistance/susceptibility to four legume-infecting viruses: 
Alfalfa mosaic virus (AMV), Cucumber mosaic virus (CMV), Bean yellow mosaic virus (BYMV) and 
Subterranean clover mottle virus (SCMoV). Five plants from each of the 230 phenotypically distinct 
members of the M. truncatula core collection were challenged with one isolate of each virus using 
infectious sap together with five uninoculated control plants for each accession. The symptoms that 
developed were recorded and virus presence was confirmed by ELISA for inoculated and systemic 
leaves. Accessions that were potentially resistant were retested to check for escapes. The result from 
this screen was that 5 accessions were potentially resistant to AMV, 56 to BYMV, 21 to CMV and 42 
to SCMoV. The remaining accessions were susceptible to all four viruses with symptoms which 
ranged from no apparent symptoms (symptomless systemic infection) to highly susceptible and plant 
death. In continuing work with DAFWA (Dr R. Jones) accessions potentially resistant to AMV, 
BYMV and CMV are being challenged with additional isolates to check for the presence of genes 
providing broader resistance. 
The Sobemovirus SCMoV was chosen for further study because it is the most widespread viral 
pathogen of subterranean clover pastures in Australia. It is also a high titre, mechanically transmitted 
virus which gave the least escapes on infection. SCMoV has a linear, single-stranded positive-sense 
RNA genome of 4.25 Kb. Making use of natural resistance is an effective means to reduce pasture 
losses caused by SCMoV. From the screen of the core collection of M. truncatula, amongst the lines 
resistant to SCMoV a single dominant hypersensitive resistance was detected in line DZA-315. To 
accelerate mapping of the SCMoV resistance gene, an F8 RIL population of a cross between the ABSTRACT 
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resistant line (DZA-315) and a susceptible line (Jemalong-J6, A-17) was sourced and obtained from 
INRA Toulouse. A total of 166 RILs were phenotyped for resistance and susceptibility to SCMoV. 
Resistant and susceptible lines showed parental phenotypic symptoms with 84 being susceptible and 
82 being resistant. This indicated the presence of a single resistance (R) gene. This phenotypic data 
was combined with genotypic data (76 polymorphic molecular markers) already available for this RIL 
population to provide a framework map. Mapmaker and Mapmanager mapping programs were used to 
locate the position of the resistance gene. This framework map indicated a position for the resistance 
gene on the long arm of chromosome 6. 
Additional polymorphic SSR markers flanking the R gene locus on chromosome 6 were used to map 
the position of the R gene more closely. These SSR markers were developed from a parental cross of 
M. truncatula line A17 and A20 at UC Davis and from a parental cross between line A17 and DZA 
315 developed at INRA Toulouse. Ten new polymorphic SSR markers were identified and located on 
the long arm of chromosome 6 after analysis of the F8 RIL population. When combined with the other 
phenotypic and genotypic data a more accurate map position for the SCMoV R gene was obtained. 
The results indicate that the R gene to SCMoV is located on the long arm of M. truncatula 
chromosome 6 between position 35 to 38 centimorgans (cM). The closest marker to the SCMoV R 
gene is marker mtic153 which is about 2.3 cM away. From existing maps of M. truncatula most of the 
R genes located in this region are of the TIR-NBS-LRR type and occur in R gene clusters. A series of 
BACs that span the region of interest have been identified in which SCMoV R gene should be present. 
M. truncatula has been used as a model legume to study a number of symbiotic (e.g. rhizobium) and 
pathogenic interactions (e.g. fungal and nematode), but this is the only example of its use to study 
legume-virus interactions. The results obtained indicate the potential of using M. truncatula as a model 
to study resistance response to other legume viruses and provide a firm basis for identifying the 
hypersensitive R gene that confers resistance to SCMoV. TABLE OF CONTENT 
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CHAPTER 1: NEW DISEASES OF CROP PLANTS (PHYTOPLASMA 
AND VIRUS DISEASES) 
 
1. General introduction to Phytoplasmas 
1.1 Phytoplasmas 
'Mycoplasma-like organisms' (MLOs) or phytoplasmas are specialised bacteria which are obligate 
parasites found in plants and some insect vectors. They cannot be cultured in vitro in cell-free media. 
Phytoplasmas are pathogens of many crops and cause a wide variety of symptoms that range from 
mild yellowing to death of infected plants. Symptoms of phytoplasma infection include discolouration 
of leaves, leaf curling, virescence, phyllody, witches' broom, stunting and general decline. 
Japanese scientists were the first to describe phytoplasmas as the plant pathogens ‘MLOs’ responsible 
for plant ‘yellows’ diseases in 1967 (Doi et al. 1967). Previously all yellows diseases of plants had 
been presumed to be caused by viruses, however they could not be visualized in affected plants (Lee 
and Davis 1992). Since then phytoplasmas have been associated with diseases in several hundred plant 
species (McCoy et al. 1989). Phytoplasmas are bacteria that lack cell walls and are found in the sieve 
elements. Phytoplasma diseases are spread by sap-sucking insect vectors such as leaf and plant 
hoppers. The identification and classification of phytoplasmas was originally based on biological 
properties such as the symptoms produced in infected plants, plant host range and relationships with 
insect vectors (Chiykowski 1991; Chiykowski and Sinha 1989; Errampalli et al. 1991; Kunkel 1926; 
Shiomi and Sugiura 1984). However, new knowledge about phytoplasmas has been gained by 
applying molecular techniques including the development of systems of identification and 
classification. Molecular probes like mono and polyclonal antibodies and cloned phytoplasma DNA 
fragments developed in the 1980s later expanded the understanding of phytoplasmas (Chen et al. 
1992; Lee and Davis 1992).  
Phylogenetic analysis of 16S rRNA and ribosomal protein (rp) gene sequences revealed the 
phylogenetic status of phytoplasmas and classified them as the class ‘Mollicutes’ (Lee et al. 2000). 
Universal (generic) oligonucleotide primers based on conserved 16S rRNA gene sequences were 
designed for polymerase chain reaction (PCR) amplification to detect a range of phytoplasmas 
associated with plants and insect vectors (Lee et al. 2000). A classification scheme was constructed 
based on restriction fragment length polymorphism (RFLP) patterns of PCR-amplified 16S rDNA 
sequences (Lee et al. 1994). 
1.2 Symptoms and Host-Pathogen Interaction in Infected Plants  
Phytoplasmas in affected plants exhibit a range of symptoms that include disturbances of plant growth 
regulators (Chang 1998; Chang and Lee 1995; Lee and Davis 1992). Symptoms of phytoplasma CHAPTER 1: NEW DISEASES OF CROP PLANTS (PHYTOPLASMA AND VIRUS DISEASES) 
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disease include phyllody (the development of floral parts into leafy structures), virescence (the 
development of green flowers and the loss of normal flower  pigments) sterility of flowers, 
proliferation of axillary shoots resulting in a witches'-broom appearance, abnormal elongations of 
internodes resulting in slender shoots, generalized stunting (small flowers and leaves and shortened 
internodes), discolouration of leaves or shoots, leaf curling or cupping, bunchy appearance of growth 
at the ends of the stems and generalised decline (stunting, dieback of shoots and unseasonal yellowing, 
pinkish or reddening of the leaves). The symptoms in diseased plants vary with the phytoplasma and 
stage of infection. Phytoplasma infections can cause both extensive phloem necrosis and excess 
formation of phloem tissue, resulting in swollen veins (Lee et al. 2000). Symptoms induced by 
presence of phytoplasma clearly have underlying detrimental effects on plants: some plant species are 
tolerant or resistant to phytoplasma infections and may be symptom-less or exhibit only mild 
symptoms. 
Economic losses caused by phytoplasma infections range from partial reduction in yield and quality to 
near total crop loss (e.g. papayas). In one instance phytoplasma infection of poinsettias produced 
symptoms that were beneficial to growers (Lee et al. 1997). In this case bushy growth and dwarfing of 
poinsettias, which resulted from phytoplasma infection, were desirable traits for multiflowered potted 
poinsettia plants sold for holiday celebrations. 
1.3 Transmission and spread of Phytoplasma-associated Disease  
Phytoplasmas are plant pathogens that are found in the sieve elements of infected plants. Phytoplasma 
diseases are spread by sap-sucking insect vectors belonging to the families Cicadellidea (leaf-hoppers) 
and Fulgoridea (plant-hoppers) (Banttari and Zeyea 1979; Brcak 1979; Grylls 1979; Nielson 1979; 
Tsai 1979). Transmission occurs when insects feed on phloem, where they acquire phytoplasmas and 
transmit them from plant to plant. Phytoplasmas can overwinter either in infected vectors or in 
perennial plants that serve as reservoirs from which they can spread in the following spring. 
Phytoplasmas can also be spread by vegetative propagation through cuttings, storage tubers, rhizomes 
or bulbs (Lee and Davis 1992): phytoplasmas in ornamental and fruit trees are often spread in this 
way. Phytoplasmas can also be transmitted through grafts, however unlike viruses they cannot be 
transmitted mechanically by inoculation with phytoplasma-containing sap from affected plants.  
1.4 Morphology and Ultrastructure  
Yellows diseases have been known since the early 1900s,‘Aster yellows’ first being reported in 1902 
(Kunkel 1926). Ultrathin sections of the phloem of plants affected by yellows diseases showed the 
presence of mycoplasmas in aster yellows that were similar to animal and human mycoplasmas (Doi et 
al. 1967). The agents associated with these plant yellows diseases were pleiomorphic in shape, with a 
size range similar to that of mycoplasmas. They lacked cell walls, were surrounded by a single unit 
membrane and were sensitive to the antibiotic tetracycline (Doi et al. 1967; McCoy et al. 1989). In 
1994, the term "Phytoplasma" was adopted by the Phytoplasma Working Team at the 10th Congress 
of the International Organisation of Mycoplasmology, replacing the term "mycoplasma-like organism" CHAPTER 1: NEW DISEASES OF CROP PLANTS (PHYTOPLASMA AND VIRUS DISEASES) 
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or MLO (Int. Comm. System. Bacteriology., Subcomsn. Taxon. Mollicutes. 1993; Int. Comm. Syst. 
Bacteriol. Subcomm. Taxon. Mollicutes. 1997).  
Phytoplasmas in cross section appear as rounded pleiomorphic bodies with an average diameter of 0.2-
0.8 µm, but can have a filamentous morphology (Lee and Davis 1992). Using dark-field microscopy, 
filamentous bodies were predominant in isolated transparent sieve elements prepared by enzymatic 
digestion of vein tissues affected with several phytoplasmas. Filamentous bodies are especially 
predominant in plants during the early stages of disease (Lee and Davis 1983). 
1.5 Distribution of Phytoplasmas  
Phytoplasmas have been associated with diseases in several hundred plant species belonging to 98 
families, associated with numerous homopterous insect vectors, primarily belonging to the family 
Cicadellidae (leafhoppers) (McCoy et al. 1989). Geographically, the occurrence of phytoplasmas is 
worldwide and they have been reported in at least 85 countries (McCoy et al. 1989).  
Phytoplasmas, although diverse do not have a uniform geographic distribution (Lee et al. 2000): many 
are restricted to one continent or to a specific geographical region. The ash yellows group (16SrVII), 
the clover proliferation group (16SrVI) and most of the X-disease group (l6SrIII) of phytoplasmas 
appear to be restricted to the American continent or western hemisphere, the peanut witches'-broom 
group (l6SrII) and rice yellow dwarf group (16SrXI) of phytoplasmas are restricted to the south-east 
Asian region and the apple proliferation group (16SrX) and Stolbur subgroup (16SrXII-A) are 
restricted to the European continent (Lee et al. 1992; Garau et al. 2004). Geographical isolation of 
some phytoplasmas seems to correlate with the distribution of their host plants and the insect vectors 
that are native to a particular region. An example of this is maize bushy stunt phytoplasma 16SrI-B 
(rp-L), which is restricted to Central and South America and to parts of North America. These regions 
correspond to the geographical range of the insect vectors Dalbulus madis and D. elimatus (Harrison 
1996). 
Many phytoplasmas have spread well beyond the regions where they originated, especially if similar 
vegetation and insect vectors exist in new ecological niches. Some phytoplasmas (e.g. aster yellows 
phytoplasma subgroup 16SrI-B) have become dispersed worldwide, whereas others have become 
isolated in ecological niches and have evolved independently from parental strains (Lee et al. 2004). 
1.6 Economic Importance of Phytoplasma Diseases and occurrence in Australia  
Phytoplasmas have been associated with diseases in several hundred plant species including many 
important food, vegetable and fruit crops, ornamental plants, timber and shade trees (Lee et al. 2000). 
Phytoplasmas, especially sugarcane white leaf phytoplasma, are responsible for losses of over 100 
million baht (about Australian $4.5 million) each year to the sugarcane industry in Thailand 
(Wongkaew et al. 1997), and in India phytoplasma is also emerging as a major problem for sugarcane. 
Lettuce, celery and carrot crops are sporadically destroyed by the aster yellows phytoplasma in many 
areas of the USA (e.g. Ohio, Wisconsin and Minnesota, Murral et al. 1996). Phytoplasma infections 
are primary limiting factors for production of many economic crops worldwide (Lee and Davis 1992; CHAPTER 1: NEW DISEASES OF CROP PLANTS (PHYTOPLASMA AND VIRUS DISEASES) 
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McCoy et al. 1989). Aster yellows phytoplasmas contribute to major economic losses of many 
vegetable crops (e.g. lettuce, carrot and celery) and ornamental plants (e.g. gladiolus, hydrangea, 
China aster and purple cone flower) in north America and parts of Europe; peach yellows to the loss of 
peach, the ‘X-disease’ to the loss of peach and cherry crops in the USA; rice yellow dwarf to the loss 
of rice crops in some regions of south-east Asia; potato witches'-broom and maize bushy stunt to the 
loss of potato and corn crops in Central and South America; sweet potato witches'-broom and related 
diseases to the loss of sweet potato crops in Asia and Australia; cassava witches'-broom to the loss of 
cassava crops in South America; grapevine yellows to the loss of grapevine production in Europe and 
Australia; pear decline, apple proliferation and other fruit declines to the loss of fresh fruit production 
in USA and Europe. Legume diseases such as peanut witches'-broom, sesame and soybean, phyllody, 
to the loss of these crops in Asia (Lee et al. 2000). Australian Papaya Dieback (Guthrie et al. 2001) 
and most recently red clover in Australia (Saqib et al. 2006a) tomato and snakebean (Saqib et al. 
2006b) and Paulownia witches'-broom (Bayliss et al. 2005) coconut lethal yellowing and mulberry 
dwarf contribute to the loss of these tree crops on different continents. Because of these phytoplasma-
associated diseases, the movement of many of the affected plant species are restricted by quarantine 
regulations internationally and particularly in Australia.  
In Australia, big bud disease of tomato (Samuel et al. 1933) and various little leaf diseases of field 
crops have been observed for many years, but were only associated with phytoplasmas after 1967 
(Bowyer et al. 1969; Bowyer 1971). The list of diseases caused by phytoplasmas has continued to 
grow and includes, Australian grapevine yellows (AGY) (Magarey and Wachtel 1986) and papaya 
dieback (PDB) (Gibb 1996). In this thesis new phytoplasma diseases and hosts in WA have been 
identified for the first time in chickpea, red clover, paddy melon, tomato, snake bean (Saqib et al. 
2005; Saqib et al. 2006b; Saqib et al. 2006a), native acacia, Western Sheoak (Saqib et al. 2007); 
tomato, papaya and mung bean. 
1.7 Host Specificity of Phytoplasmas  
The natural host range of phytoplasmas and insect vectors varies with the phytoplasma strain (Brcak 
1979; McCoy et al. 1989; Tsai 1979). Experimentally, some phytoplasmas can be transmitted by 
polyphagous vector(s) to a wide range of host plants. For example, north American aster yellows 
phytoplasmas (16SrI-A-B) were transmitted experimentally by the polyphagous leafhopper 
Macrosteles fascifrons and other vectors to 191 plant species belonging to 42 families (McCoy et al. 
1989). However, it appears that the range of plant species that can be infected by a given phytoplasma 
in nature is determined largely by the insect vector species that can transmit the phytoplasma and by 
the feeding behaviour (monophagous, oligophagous and polyphagous) of these vectors. Phytoplasmas 
such as the beet leafhopper-transmitted virescence (BLTV, subgroup 16SrVI-A), which is transmitted 
by a polyphagous beet leafhopper, Circulifer tenellus and the California aster yellows (AY, subgroup 
l6SrI-B), which is transmitted by numerous polyphagous insect vectors, are capable of causing 
diseases in a many plant species, whereas the American elm yellows phytoplasma (subgroup 16SrV-
A), which is transmitted by the monophagous or oligophagous vector Scaphoideus luteolus, causes 
diseases in only a few hosts, mostly in the genus Ulmus (Lee and Davis 1992). CHAPTER 1: NEW DISEASES OF CROP PLANTS (PHYTOPLASMA AND VIRUS DISEASES) 
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1.8 Evolution of New Phytoplasmas and Vector-Phytoplasma-Plant Interactions  
A plant species can be infected by more than one type of phytoplasma. Periwinkle is commonly used 
as a source plant to maintain phytoplasmas, it can harbour many phytoplasmas. The ability of a given 
plant species to support more than one type of phytoplasma depends not only on its susceptibility to 
phytoplasma infection but also on the vector-phytoplasma-plant interaction (Lee et al. 1992b). In a 
three-way interaction, insect vectors play an active role via feeding behaviour and preference for 
certain host plants, and in most cases are the primary factors that determine the niches of each 
phytoplasma.  
Aster yellows (l6SrI) and X-disease (16SrIII) phytoplasmas are examples of two of the most diverse 
phytoplasmas (Gundersen et al. 1996). The aster yellows group consists of at least nine distinct rDNA 
RFLP subgroups with numerous strains that are distributed worldwide, whereas the X-disease group is 
made up of 8 rDNA subgroups, some of which are distributed on three continents. Phytoplasmas 
belonging to the aster yellows groups can be transmitted by more than 30 presumably polyphagous 
vectors to more than 200 plant species belonging to 45 families, whereas members of the X-disease 
group can be transmitted by more than 14 vectors into more than 60 plant species belonging to 13 
families (McCoy et al. 1989; Tsai 1979).  
Mixed phytoplasma infections in a single plant are evident in nature (Marcone et al. 1996).  This can 
be verified by nested PCR assays with a universal primer pair followed by phytoplasma group-specific 
primer pairs (Lee et al. 1995). Frequent interactions among phytoplasmas in the same group or 
between groups may have occurred during evolution possibly giving rise to new phytoplasma strains 
(Christensen  et al. 2005). Whether horizontal exchange of genetic information occurs between 
phytoplasma strains sharing common plant hosts and insect vectors is unknown. However, RFLP 
patterns of genomic DNA among some subgroups (16SrI-A, l6SrI-B, 16SrI-C and l6SrIII-A) indicate 
that intermediate strains that share DNA sequences across two subgroups may exist (Lee et al. 1992a). 
For strains in some subgroups (16SrI-D, 16SrI-F, l6SrIII-C, l6SrIII-E), horizontal gene transfer 
between subgroups may be unlikely or very limited because of their narrow host range and specificity 
of insect vectors.  
1.9 Biological Determination of Phytoplasma 
Because it has been difficult to obtain pure authenticated cultures of phytoplasmas their detection and 
identification has not been precise. Symptoms of diseased plants and observation of MLOs in ultrathin 
sections of diseased plants were used to diagnose phytoplasma diseases (Chen and Chen 1998; 
Chiykowski 1991; Cousin et al. 1986; Doi et al. 1967; Errampalli et al. 1991; Haggis and Sinba 1978; 
Kunkel 1926; Lee and Davis 1992; McCoy et al. 1989; Shiomi and Sugiura 1984; Waters and 
Osborne). Treatment with antibiotics (e.g. tetracycline) provided additional evidence to support the 
diagnosis if the symptoms disappeared (Doi et al. 1967; Lee and Davis 1992). Earlier phytoplasma 
strains were differentiated and identified by their biological properties, such as the similarity and 
difference in symptoms they induced in infected plants, their plant hosts and insect vectors (Lee et al. 
2000). Determination of these biological properties was laborious and time-consuming and the results CHAPTER 1: NEW DISEASES OF CROP PLANTS (PHYTOPLASMA AND VIRUS DISEASES) 
   6 
were often inconsistent. In many cases identities of insect vectors remained unknown which further 
complicated identification using biological criteria.  
1.10 Detection by Polymerase Chain Reaction with Specific and Generic Primers  
PCR-based assays developed in the late 1980s and early 1990s advanced diagnostics of phytoplasma-
associated diseases (Lee and Davis 1992). PCR detection was much more sensitive than serological 
tests or DNA-DNA hybridization assays. PCR primers were designed based on sequences of cloned 
phytoplasma DNA fragments and were used to detect specific phytoplasmas (Harrison 1996). These 
primers helped detection of low titer phytoplasmas not detectable by serological or hybridization 
assays. A major breakthrough in phytoplasma research was the development of phytoplasma-specific 
universal (generic) oligonucleotide primers and phytoplasma group-specific primers based on highly 
conserved 16S rRNA gene sequences. These primers enable amplification of 16S rDNA sequences 
from most phytoplasma strains and from specific strains belonging to a given phytoplasma group and 
also detection and study of the whole genome of phytoplasma strains associated with plants or insect 
vectors. Universal and phytoplasma group-specific primers have also been developed based on the 
16S-23S intergenic spacer region sequences or conserved rp gene and elongation factor EF-Tu (tuf) 
gene sequences (Harrison 1996). 
1.11 Phylogenetic Position of Phytoplasmas  
Phytoplasmas assigned to the same 16S rDNA group are generally designated the same species name 
because their 16S rRNA genes share more than 97.5% sequence similarity (International Research 
Programme on Comparative Mycoplasmology IRPCM Phytoplasma/Spiroplasma Working Team, 
Phytoplasma Taxonomy Group 2004). It has been recommended that a Candidatus  Phytoplasma 
species name should be assigned to a single, unique phytoplasma 16S rRNA gene sequence (IRPCM 
2004). In addition, it was recommended that phytoplasma strains which shared more than 97.5% 16S 
rRNA gene sequence similarity should be assigned the same species name except if there were host 
range, insect vector and serological data which supported their separation into different species 
(IRPCM 2004). Until recently only three phytoplasma species have been assigned species names, but 
all phytoplasma 16Sr groups are currently assigned to Ca  Phytoplasma species names using the 
minimal taxonomic standards for uncultivated bacteria (IRPCM 2004). Minimal taxonomic standards 
are used to classify phytoplasmas because these organisms have not been cultured, so Koch’s 
postulates cannot be proved. As a result, it is not possible to demonstrate phytoplasmas ‘cause’ a 
disease and so they are said to be ‘associated’ with a disease. However, a phytoplasma should only be 
considered to be associated with a disease if a significant relationship between organism and disease 
can be demonstrated. The taxonomic ranking of many members of subgroups that share more than 
97% similarities are uncertain and remain to be determined.  
1.12 Phytoplasma Genome Size and Base Composition 
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using partially purified phytoplasmas or phytoplasma-enriched preparations from infected plants or 
insect vectors. This has been achieved by chromosomal DNA linearisation by gamma irradiation and 
pulsed-field gel electrophoresis for DNA separation. The sizes of phytoplasma genomes vary 
considerably and range from 530 to 2100 kilobase pairs (kbp) (Marcone et al. 1999). The Bermuda 
grass white leaf phytoplasma represents the smallest genome (530 kbp) found so far and may represent 
the smallest chromosome known for any living cell. The genome sizes of phytoplasmas are similar to 
those of members of the genus Mycoplasma (580-1300 kbp), order Mycoplasmatales, but are smaller 
than their closest relatives, members of the genus Acholeplasma (1600 kbp), order Acholeplasmatales 
(Razin et al. 1998). Phytoplasmas normally contain one circular double-stranded plasmid DNA 
molecule 3-7Kb (Niemark and Kirkpatrick 1993). However, in DNA preparations from plants affected 
by some aster yellows phytoplasmas, two separate chromosomes were detected (Marcone et al. 1999). 
Whether the presence of two chromosomes was a result of infection by two phytoplasmas is not clear. 
Short circular extrachromosomal DNA plasmids (1.7-7.4 kbp) have been found in all members of the 
Aster yellows group (16SrI), Stolbur group (16SrXII), in some members of the X-disease (16SrIII) 
and clover proliferation (l6SrVI). Some small plasmids may be of viral origin. Many 
extrachromosomal DNAs have been sequenced and share significant sequence similarity with ssDNA 
(single stranded) geminiviruses (Kuboyama et al. 1998). The G+C contents of phytoplasma 
chromosomal DNAs are estimated to be between 23 and 29 mol % based on estimates from buoyant 
density centrifugation (Kison et al. 1994). The low G+C content of phytoplasma DNA supports the 
phylogenetic affiliation of phytoplasmas with members of class Mollicutes (Razin et al. 1998). 
Recently two extrachromosomal elements (plasmids) from tomato big bud (TBB) and one 
extrachromosomal element from Ca Phytoplasma australiense were determined from Australia (Tran-
Nguyen and Gibb 2006; 2007). 
The rRNA genes in phytoplasmas occur in the same order as in other eubacteria: 5' 16S rRNA-spacer 
region-23S rRNA 3'. Sequence analysis of the spacer region revealed that a single isoleucine transfer 
RNA (tRNA.sup.ile) is present in all phytoplasmas (Kirkpatrick et al. 1990). This differs from animal 
mycoplasmas, in which the tRNA gene is absent in the spacer region (Razin et al. 1998). 
Hybridization analysis using a 16S rRNA gene probe indicated the presence of two sets of 16S rRNA 
operons (Schneider et al. 1995). 
1.13 Plant Virus Diseases 
Plant virus diseases are one of the major constraints to crop production worldwide (Bos et al. 1988; 
Edwardson and Christie, 1991) and a range of virus diseases have been reported to infect Australian 
crop plants. In addition to virus diseases now present, the increase in international trade and climate 
change has increased the chances of arrival of new viruses. These threaten both crop plants and native 
flora: the possibility also exists for viruses present in native flora to infect crops, with the arrival of 
new insect vectors. Exotic viruses most likely to appear include geminiviruses and potyviruses. CHAPTER 1: NEW DISEASES OF CROP PLANTS (PHYTOPLASMA AND VIRUS DISEASES) 
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1.14 Potyvirus 
Potyviruses (genus Potyvirus, family Potyviridae) are the largest and economically most important 
group of plant viruses (Bos 1992; Shukla et al. 1994) and within the picorna-like supergroup of 
viruses of animals and plants. Potyviruses are transmitted by aphids in a non-persistent manner 
(Shukla et al. 1994). They are well adapted to intensive agriculture in temperate regions and also 
flourish in crops cultivated in more traditional ways in the tropics. All potyviruses consist of flexuous 
filamentous particles 700-750 nm long, each of which contains a single copy of the genome, which is 
a single-stranded positive sense RNA molecule about 10,000 nt long (Fig 1.1). The genomes of 
potyviruses have a single open reading frame that is translated as a single large polyprotein, which is 
subsequently cleaved after translation into functional proteins by virus-encoded proteinases. 
 
 
 
Fig 1.1 Potyvirus genome map. CI, cytoplasmic inclusion, CP, coat protein, P1, Proteinase, P3, third 
protein, HC-Pro, helper component protease, NIa-Pro nuclear inclusion a protease, NIb, nuclear inclusion 
b, VPg, genome linked protein (redrawn from Adams et al. 2005). 
 
1.15 Bean Common Mosaic Virus 
Bean common mosaic virus (BCMV; genus Potyvirus, family Potyviridae) infects Phaseolus vulgaris 
and related legume crops in many regions of the world. It is transmitted in a non persistent manner by 
aphids and is also readily seed-transmitted (Hongying et al. 2002). The disease it causes decreases 
crop production. In Australia, BCMV has been reported in New South Wales, Queensland, Tasmania 
and Victoria, based only on serology and amino acid composition (Moghal and Francki 1976; 1981). 
However, there is no other information on BCMV isolates in Australia, on their origin or sequence. 
BCMV has not been reported in the Northern Territory, South Australia or Western Australia (Saqib et 
al. 2005a). 
1.16 Geminivirus 
Geminiviruses are a large diverse family of plant viruses that infect many plants and cause significant 
crop losses worldwide (Brown 2000). Plants infected with geminiviruses have characteristic symptoms 
which include upward or downward leaf curling, thick dark veins and cup shape leaf-like growths 
(enations) on the underside of the leaves (Mansoor et al. 1993; Harrison et al. 1997). Geminiviruses 
are transmitted by whitefly (Bemisia tabaci, B biotype) and are associated with members of the 
Geminiviridae genus Begomovirus. The majority of economically important geminiviruses belongs to 
the genus Begomovirus which has about 100 distinct species all of which are transmitted by B. tabaci 
and infect only dicotyledonous plants (Briddon et al. 1996). The symptoms of enations and vein 
darkening are not typical of the Begomovirus (Geminiviridae) (Briddon et al. 1992). 
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Geminiviruses are characterized by a twin icosahedral capsid and circular single stranded DNA 
(ssDNA) genomes that replicate through double stranded DNA (dsDNA) intermediates in infected 
cells.  Geminivirus contribute only a few gene products for their replication and transcription, and 
depend on nuclear DNA and RNA polymerases of their hosts transcription and gene expression. These 
properties differ from RNA viruses which replicate via RNA intermediates using viral encoded 
replicases (Hanley-Bowdoin et al. 2000). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 1.2 Genome organisation of the Geminiviruses (redrawn from Lazarowitz, 1992), CP, coat protein, 
CR, common region, Rep, replication protein, REn, replication enhancer, TrAP, transcriptional activation 
protein (see text for further explaination). 
 
Geminiviruses have small genomes that consist of either one or two circular ssDNA molecules of 2.5 
to 3 Kb (Fig 1.2). Genomes of most Begomoviruses comprise two circular single stranded DNA 
molecules of approximately equal size (Rybicki 1994; Stanley et al. 1986) and both of these 
components are essential for infection (Bisaro et al. 1982; Hanley-Bowdoin et al. 2000). The ‘A’ 
component encodes the information necessary for viral replication and encapsidation (Rojas et al. 
1998; Sunter et al. 1993). The ‘B’ component cannot replicate in the absence of DNA A but is 
required for systemic movement and symptom production (Brough et al. 1992; Gilbertson et al. 1993; 
Pascal et al. 1993; Saunders and Stanley 1995). 
DNA ‘A’ encodes five open reading frames. Four are on the complementary strand (AC1 AC2 AC3 
and AC4) and two (AV1 and CP) is on the virion strand. The DNA B component encodes ‘BC1’ on 
the complimentary strand and ‘BV1’ on the virion strand (Hanley-Bowdoin et al. 2000). 
1.17 Tomato Yellow Leaf Curl Virus 
Tomato yellow leaf curl virus (TYLCV) is a serious disease of tomato crops in tropical and subtropical 
regions (Czosnek and Laterrot 1997). The causal agents are a group of virus species belong to the 
genus Begomovirus, family Geminiviridae. All of them are transmitted by the whitefly Bemisia tabaci 
(Briddon and Markham, 1995). The TYLCV species have a circular, single-stranded DNA genome 
AC3 
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except in one case which has two components DNA A and DNA B (Rochester et al. 1994). 
Monopartite TYLCVs have a genome DNA A (about 2.8 kb) that contains six partially overlapping 
open reading frames (ORFs), two (V1 and V2) on the virion-sense strand and four (C1 to C4) on the 
complementary-sense strand, separated by an intergenic region (IR) of about 300 nt. TYLCV has 
recently been detected in Queensland (Geering et al. 2006). TYLCV was also been found associated 
with epidemics in tomato in 1995 in southern Portugal and in 1997 in southern Spain, either alone or 
in mixed infections with other isolates of the same virus (Navas-Castillo et al. 2000). 
1.18 Aims of the Research on Phytoplasmas and Viruses 
The overall aim of the phytoplasma research undertaken was to study the extent and type of 
phytoplasmas found in WA.  
The aim of the research on novel viruses was to examine crops and some native species for the 
presence any novel RNA and DNA viruses. The geminiviruses were of particular interest because their 
potential introduction to crops in WA is a biosecurity issue. New viruses could also have useful 
properties, such as novel promoters with potential commercial application. 
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CHAPTER 2: MEDICAGO TRUNCATULA AS A MODEL LEGUME, 
RESISTANCE GENES AND GENE MAPPING 
 
 
2.1 Medicago truncatula 
Legumes of the plant family Fabaceae are divided into three subfamilies:
  Mimosoideae, 
Caesalpinioideae and the economically
  dominant Papilionoideae (Doyle and Luckow 2003). Other 
than peanut,
  the important crop legumes occur in two Papilionoid groups,
  the "phaseoloid" and 
"galegoid" legumes. These two groups are closely related phylogenetically. The genetic systems 
within this group are diverse and range from simple autogamous diploids to complex out-crossing 
polyploids. Genome size varies amongst legumes, with
 pea having a genome size 10 times that of 
some related diploid
 genera.  
Although Arabdopsis thaliana is the most studied model plant species, there are some limitations in 
that it does not have a symbiotic relationship with rhizobium bacteria, and legume specific genes 
cannot be studied. These limitations led to the establishment of model legume systems.Two species 
were chosen initially as model legumes, namely
  Medicago truncatula (barrel medic) and Lotus 
japonicus. The advantages of working with these model legumes are that they have well characterized
 
genomes that will lead to better understanding of symbiotic nitrogen fixation, nutrition, plant 
development and plant pathogen interactions (Riely et al. 2004). 
M. truncatula has emerged as the more widely used of the two model legume systems (Penmetsa and 
Cook 2000), as it has a relatively small genome (466 Mb), short life cycle and can be transformed 
relatively easily (Bennett and Leitch 1995; Kulikova et al. 2001; Kulikova et al. 2004). International 
research is progressing to use M. truncatula to answer important questions in legume biology and to 
develop methodologies for efficient transformation (Zhou et al. 2004), high-throughput systems for 
forward and reverse genetics including insertional mutagenesis, RNA interference (RNAi) and 
functional genomics (Limpens et al. 2003) targeting induced local lesions in genomes (TILLING) 
(VandenBosch and Stacey 2003), and establishing an effective network amongst research groups. 
National and international programs are collaborating to characterize the genome of M. truncatula at 
the transcript (Fedorova et al. 2002), protein (Gallardo et al. 2003; Imin et al. 2005; Watson et al. 
2003) and the whole genome sequence levels (Young et al. 2005). 
M. truncatula belongs to the plant family Fabaceae, and members of this family are cultivated on 180 
million hectares which constitutes about 12% of the earth's arable land and they provide 27%
 of the 
world's primary crop production (A et al. 1995; Caetano-Anolles et al. 1991; Graham and Vance 
2003). Legumes are also important
 for symbiotic nitrogen fixation which improves the nitrogen status 
of the soil. They are also an important source of protein in the human diet and contribute to animal 
feed.  CHAPTER 2: MEDICAGO TRUNCATULA AS A MODEL LEGUME, RESISTANCE GENES AND GENE MAPPING 
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2.2 Plant resistance (R) genes 
Plants are continually challenged by pathogens and in effect plant resistance is the norm and a 
diseased status is the exception. There are two types of defence in nature: the first is passive defence 
such as cell wall composition and thickness, wax layers and chemical barriers which confer broad 
resistance to pathogens (Knogge 1996; Osbourn 1996). If a pathogen overcomes such barriers, a 
second line of defence activates cellular processes and proteins encoded by specific resistance (R) 
genes. Systemic acquired resistance (SAR) is a plant defence state that is induced, for example after 
previous pathogen infection or by chemicals that mimic natural signalling compounds. SAR is 
associated with the ability to induce cellular defence responses more rapidly and to a greater degree 
than in non-induced plants, a process called “priming” (Kohler et al. 2002). 
 At the cellular level four types of resistance mechanisms can be identified. 
i) The R gene product inactivates pathogenicity determinants. The R gene product can be involved in 
the inactivation of a toxin produced by the pathogen. An example of this is the Hm1 gene from maize 
(Johal and Briggs 1992), which encodes a Nicotinamide adenine dinucleotide phosphate hydrogenase-
dependent (NADPH-dependent) reductase that inactivates the HC-toxin produced by race 1 of the 
fungus Cochliobolus carbonum (Brosch et al. 1995). 
ii) The R gene encodes a pathogenicity target. Absence of this target results in plant resistance. An 
example is the T-urf13 mitochondrial gene from maize which not only confers male sterility but also 
sensitivity to a pathotoxin (T-toxin) produced by Bipolaris maydis race T and hence susceptibility to 
this pathogenic fungus (Braun and Tanksley 1996). 
iii) Priming of the plant defence response. This type of R gene product is resistance to Erysiphe 
graminis by the mlo gene of barley. Resistance, obtained by mutagenesis of susceptible plants carrying 
Mlo alleles, is durable and active against a broad spectrum of fungal isolates (Buschges et al. 1997). 
iv) The R gene product mediates specific recognition of a matching avirulence (Avr) gene produt by a 
pathogen (i.e. gene-for-gene resistance, Fig 2.1), an example includes bacterial Avrs (Bonas and Van 
den Ackerveken 1999) tobacco N-mediated resistance to Tobacco mosaic virus (TMV) and the 
Arabidopsis RCY1-mediated resistance to Cucumber mosaic virus (CMV). The tobacco N  gene 
encodes a member of the Toll-interleukin-1 homology region/nucleotide binding site/leucine-rich 
repeat (TIR-NBS-LRR) class of proteins (Liu et al. 2004). N gene-containing plants specifically 
recognise a TMV protein (p50) and this triggers a signal transduction cascade leading to the induction 
of HR (hypersensitive response) programmed cell death (PCD), which restricts virus spread and 
induces the onset of SAR. In tobacco plants that lack the N gene, TMV is able to replicate and move 
systemically throughout the plant causing disease and mosaic symptoms (Liu et al. 2004).  
The specific recognition of the pathogen-derived Avr gene product, the elicitor, by the host activates a 
signal transduction cascade that involves protein phosphorylation, ion fluxes, generation of reactive 
oxygen species (ROS) and other signals (Hammond-Kosack and Jones 1996; Higgins et al. 1998; 
Somssich and Hahlbrock 1998; Yang et al. 1997). These signals trigger transcription of plant defence 
genes encoding proteins such as glutathione S-transferases, peroxidases, cell wall proteins, proteinase CHAPTER 2: MEDICAGO TRUNCATULA AS A MODEL LEGUME, RESISTANCE GENES AND GENE MAPPING 
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inhibitors, hydrolytic enzymes (e.g. chitinases and 1,3-glucanases), pathogenesis-related (PR) proteins 
and enzymes involved in secondary metabolism (Zhu et al. 1996). In addition, plant cells in direct 
contact with the invading pathogen die. This phenomenon, the hypersensitive response (HR) is the 
basis of gene-for-gene resistance (Hammond-Kosack and Jones 1996). HR is an active process that 
requires protein synthesis and shares many similarities with programmed cell death (PCD) as observed 
in animals (Dangl et al. 1996; Heath 1998; Ryerson and Heath 1996). HR is correlated with the 
induction of SAR in non-inoculated parts of the plant, which results in a significant reduction of 
disease symptoms caused by many pathogens (Delaney 1997; Ryals et al. 1996). 
 
 
 
Fig 2.1 Gene for gene hypothesis for plant pathogen resistance gene. Plant resistance genes are shown in 
green and pathogen avirulence gene products are shown in blue. 
2.3 Structure and function of R gene proteins  
R genes have been identified and cloned from both dicotyledous and monocotyledous plants. Different 
R genes confer resistance to a wide range of pathogens, including viruses, bacteria, fungi, nematodes 
and aphids. Although the mechanism of infection by these organisms differs, the R gene products are 
remarkably similar. Most R proteins contain a leucine-rich repeat (LRR) domain. The intercellular (I) 
R proteins also contain a nucleotide binding site (NBS) and in some cases a leucine zipper (LZ) 
domain or a domain with homology to the receptor Toll and the interleukin-1 receptor (TIR). For 
Host Plant Genotypes 
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extracellular (E) proteins the LRR domain is accompanied by a membrane-spanning region and in one 
case by a cytoplasmic protein kinase domain. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 2.2 Structure of typical R genes (adapted from Richter and Ronald 2000). For explanation see text. 
 
2.4 Structure of the leucine-rich repeat domain 
The LRR domain can be intracellular or extracellular and consists of a repeated sequence motif 
comprising leucine residues and sometimes asparagine and proline residues at conserved positions 
(Kobe and Deisenhofer 1994). The average repeat length of 24 amino acids is relatively constant 
between the products of the different R genes, whereas the number of repeats can vary from 14 in 
RPS2 to 37 in Cf2. The LRRs of NBS-containing R proteins have imperfect repeats resembling the 
cytoplasmic adenylate-cyclase of yeast (Kataoka et al. 1985). The crystal structure of one LRR-
containing protein, porcine RNase inhibitor, has been resolved (Kobe and Deisenhofer 1993). 
 
 
 
 
 
 
 
 
Fig 2.3 The structure of the Rx resistance protein. (Branden and Tooze, 1999; Kobe and Kajava 2001). 
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The tertiary structure of a LRR domain of this protein has unusual long repeats of 28–29 amino acids 
(Kobe and Kajava 2001) and resembles a horseshoe (Fig 2.3). This horseshoe structure probably 
differs from the three dimensional structure of the LRR domain encoded by the R gene products with 
shorter repeats (Jones and Jones 1996). Extracellular LRRs have a conserved hydrophobic face which 
has a structural role, while the other side contains side chains of non-conserved, interstitial amino acid 
residues that interact with a specific ligand (Parniske and Jones 1999; Thomas et al. 1998). 
2.5 Recognition of R proteins by LRR domain  
The LRR is a domain for receptor function whereas the LZ and TIR domains are more likely to be 
involved in downstream signalling. Proteins containing LRR domains mediate interactions with other 
proteins (Kobe and Deisenhofer 1994) for signal transduction cascades and act as receptors for peptide 
hormones (Moyle et al. 1995). Minor alterations in the LRR domain of RPS2, RPM1 and N result in a 
lack of HR activation on infection by an avirulent pathogen (Bent et al. 1994; Ellis et al. 1997; Grant 
et al. 1995; Mindrinos et al. 1994). Analysis of large numbers of R gene families (e.g. cf genes) has 
shown that sequence variation between the LRR domains directly correlates with specificity of 
recognition of the individual homologues (Parniske and Jones 1999; Thomas et al. 1998). 
2.6 Localisation of R proteins 
Avr products act directly as ligands for receptors encoded by host R genes (Jones 1997). The R gene 
product and the elicitor normally occur in the same cellular compartment. The products of genes 
conferring resistance to obligate intracellular pathogens, such as Rx and N, which confer resistance to 
Potato virus X (PVX) and Tobacco mosaic virus (TMV) respectively are localised in the cytoplasm. 
Products of resistance genes against bacteria are also found in the cytoplasm. Bacterial Avr products 
only induce HR in resistant plants when present inside the plant cell (Bonas and Van den Ackerveken 
1999). 
R genes against fungal pathogens encoded by Cf genes, which confer resistance to the tomato leaf 
fungus  Cladosporium fulvum, express products that are mainly extracellular. The corresponding 
elicitors of C. fulvum are present in the apoplastic space of leaves of plants colonised by the fungus 
(Joosten and De Wit 1999) again indicating co-localisation of the elicitors and Cf  gene products 
reception region (Olivain and Alabouvette 1999).  
2.7 Direct/ indirect interaction of R and matching AVR proteins 
Although the R protein recognition domain and its matching Avr gene product must be co-localised, 
only in one case has a direct interaction between the two been demonstrated. The elicitor Avr-Pi-ta 
from Magnaporthe grisea, an apparent zinc metalloprotease, interacted in the yeast-two hybrid system 
(Fields and Song 1989) with the LRR domain of the protein encoded by the Pi-ta gene. This direct 
interaction was confirmed when Avr-Pi-ta was spotted onto a membrane and labelled Pi-ta (either the CHAPTER 2: MEDICAGO TRUNCATULA AS A MODEL LEGUME, RESISTANCE GENES AND GENE MAPPING 
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full protein or the LRR domain alone) was used as a probe. The product of a mutated Pi-ta allele, 
which does not confer resistance to the fungus, did not interact with Avr-Pi-ta either in the two-hybrid 
system or in the western membrane binding assay, showing that binding is needed for biological 
function (Bryan et al. 1999). 
2.8 Genetic mapping 
A genetic map can be constructed on the basis of the frequency of recombination events between two 
non-sister chromatids of each pair of homologous chromosomes during meiosis. A genetic map 
provides the information on the order of linked markers in centimorgans (cM) or the percentage 
recombination. Recombination frequencies vary between different chromosome locations, physical 
conditions and sexes. The ratio between genetic and physical distance is not constant over the length 
of the chromosome. Genetic distance depends on the parental combination used: closely related lines 
will exhibit an intrinsically higher recombination frequency than distantly related lines. 
Before DNA markers were widely available phenotypic data and biochemical polymorphisms (e.g 
isozymes) were used to generate genetic maps (Lewontin and Hubby 1966). With the advent of the 
polymerase chain reaction (PCR) DNA-based polymorphic markers were developed. DNA markers 
provide many advantages in analysis and can be located in both coding and non-coding regions of the 
genome and can provide information on homozygosity and heterozygosity (i.e they can be co-
dominant). DNA marker systems were initially based on analysis of restriction fragment length 
polymorphisms (RFLPs) (Botstein et al. 1980). This was followed by development of a series of PCR-
based markers such as random amplified polymorphic DNA (RAPD), simple sequence repeats (SSR), 
sequence characterized amplified regions (SCARs), sequence-tagged sites (STS), inter-simple 
sequence repeat amplification (ISA), amplified fragment length polymorphic DNAs (AFLPs) and 
amplicon length polymorphisms (ALPs). The population of plants that can be used to develop maps 
include F2, back-cross populations, near-isogenic lines, doubled haploids and recombinant inbred lines 
(RILs). 
Microsatellites or Simple Sequence Repeats (SSRs) were used in this study. They are polymorphic 
loci which occur in nuclear DNA and consist of repeating units of 1-4 base pairs in length. They are 
present both in non-coding regions and in coding sequences (Cardle et al. 2000) and are usually 
neutral and co-dominant, and have thus been widely used as molecular markers. There are various 
methods available to discover SSR sequences. One method to source SSRs is to mine DNA databases 
for example by using software program, such as SSRIT (Temnykh et al. 2001). SSR alleles and their 
polymorphisms are usually scored either after amplification by PCR and separation by gel 
electrophoresis or using high throughput capillary DNA sequencers and labelled probes. SSRs are the 
most widely used molecular markers that have been used to develop genetic maps. In rice, genomic-
SSR markers identified from BAC sequences provided immediate links between genetic, physical and 
sequence-based maps (Temnykh et al. 2001). It is estimated that 5% of plant ESTs contain SSRs 
longer than 18 nucleotides (Kantety et al. 2002). EST-SSRs are now used in preference to SSRs in 
non-coding regions because they can mark a functional gene and gene based markers are more useful CHAPTER 2: MEDICAGO TRUNCATULA AS A MODEL LEGUME, RESISTANCE GENES AND GENE MAPPING 
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for comparative genomics studies (Cordeiro et al. 2001; Decroocq et al. 2003; Kantety, La Rota et al. 
2002; Sharopova et al. 2002; Thiel et al. 2003), including in Medicago spp. (Eujayl et al. 2004; 
Gutierrez et al. 2005; Julier et al. 2003; Sledge et al. 2005).  
The principles of gene mapping are now well developed and computer programmes can be used to 
develop genetic maps. In some cases this has been followed by complete genomic sequencing and the 
rate of sequencing of complete genomes is increasing with advances in sequencing technology and 
associated bioinformatics. For example the Arabidopsis (The Arabidopsis Genome Initiative 2000), 
rice (Goff et al. 2002; Yu et al. 2002), human and chicken genomes have been sequenced and there 
are now more than 40 smaller and larger genome-sequencing projects in progress for plants, including 
species such as Avena sativa (oat), Medicago sativa and Medicago truncatula, Lotus corniculata, 
different Brassica species, banana, barley, coffee, cotton, Eucalyptus, maize, Poplar, soybean and 
tomato (Bernal et al. 2001).  
2.9 Physical mapping 
Although molecular maps are useful to show the order of genes, the genetic distance does not equate 
to the actual physical separation. To characterize and isolate genes that encode desirable traits, 
physical maps or ordered arrays of genomic DNA sequence in the desired region containing the gene 
are required. Yeast artificial chromosomes (YACs), BACs and cosmids are used as vectors to clone 
large segments of DNA. The size of DNA fragments cloned in YACs, BACs and cosmids is about 
400–600 kb, 100–150 kb and 40 kb, respectively. Each vector has advantages and disadvantages. 
Although fewer clones are needed to make a contig for a specific genomic region using YACs, 
chimeras of the inserted DNA fragments can be a problem. Cosmids are convenient to manipulate and 
can be used for transformation to generate transgenic plants for functional genomic studies, but can 
only carry relatively small DNA sequences. It is therefore more difficult to make overlapping ordered 
arrays for more extensive genomic regions. BACs incorporate smaller DNA fragments than YACs, but 
are less prone to chimerism than YACs, and BACs are also easier to work with. Bacteria also grow 
faster than yeast, but the latter are less likely to be contaminated by other microorganisms. 
YAC libraries have been constructed for rice (Umehara et al. 1995), Arabidopsis (Creusot et al. 1995; 
Ecker 1990; Grill and Somerville 1991; Ward and Jen 1990) and tomato (Bonnema et al. 1996; Martin 
et al. 1992). BACs libraries have been constructed for a range of species including Arabidopsis (Choi 
et al. 1995), sorghum (Woo et al. 1994) and rice (Zhang et al. 1995). Using such libraries and DNA 
markers, overlapping contigs can be made to provide physical maps. The most advanced physical map 
in terms of both sequence and functional annotation in plants is for Arabidopsis. The rice genome has 
also been sequenced by two groups and is an important model for more complex cereal crops such as 
wheat.  
2.10 Medicago truncatula genome project 
A major international collaboration to sequence the M. truncatula genome was supported by the CHAPTER 2: MEDICAGO TRUNCATULA AS A MODEL LEGUME, RESISTANCE GENES AND GENE MAPPING 
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National Science Foundation (NSF)
 in the USA sponsored by the NSF Plant Genome
 Project. This 
grew into an international
  consortium spanning national boundaries and legume species. The 
international consortium includes the Institut National de
 la Recherche Agronomique–Centre National 
de la Recherche
  Scientifique (INRA-CNRS), German mycorrhizal and European Union
  (EU)  M. 
truncatula genome projects and
 the Noble Foundation (Ardmore, Oklahoma).
 The sharing of data, 
ideas and
  plans was coordinated to try to develop M. truncatula as an additional model plant to 
Arabidopsis, which had broad applicability to other legume systems.  
The genome of M. truncatula is organized into separate gene-rich euchromatic arms and gene-poor
 
heterochromatic pericentromeric regions (Kulikova et al. 2001,
 2004; Choi et al. 2004a). So far 44,292 
BACs have been sequenced. An initial map yielded 1370 contigs with an average length
 of 340 kbp, 
covering an estimated 466 Mbp or 93% of the genome.
 In parallel >800 EST-containing
 BAC clones 
were sequenced to provide seed points from which
 to continue the whole genome sequencing effort. 
Sites of potential
 sequence polymorphism in the initial BAC sequences have been used to merge the 
genetic and physical
 maps, and the resulting chromosome assignments have been used
 to guide the 
distribution of BACs to sequencing centres (Mun et al. 2006) (www.medicago.org). There has also 
been major sequencing of the L. japonicus genome mainly by Japanese groups. By January 2007, 176 
Mb (89 Mb finished) and 189 Mb (122 Mb) nonredundant sequences
 of the L. japonicus and the M. 
truncatula genomes, respectively,
 had been released. These correspond to approximately 40% of
 the 
entire genomes of both L. japonicus and M. truncatula with
 estimation of more than 60% coverage of 
the euchromatic regions,
 and cover 69% and 58% of public ESTs of L. japonicus and M.
 truncatula, 
respectively (Sato et al. 2007). 
2.11 Synteny 
A comparison of the order of specific genes between different species reveals that gene order is often 
conserved at the ‘macro’ or ‘micro’ levels. This is referred to as synteny or co-linearity. Conserved 
gene order has been studied particularly in cereal crops. Although the chromosome numbers in rice, 
sorghum, sugarcane, foxtail millet, maize and wheat vary, the corresponding genomic regions can be 
divided into corresponding blocks (Moore et al. 1995). The major differences in genome size are 
differences in extent of non-coding DNA and polyploidy (e.g. in wheat). Such macro synteny can be 
used to estimate correspondence of loci between these cereal crops. The loci include both major genes 
and quantitative trait loci (QTLs) (Paterson et al. 1995). Because rice has the smallest genome it is the 
model cereal crop and may be used to locate orthologous genes in other cereals. However, to identify a 
specific gene based on microsynteny requires microsyntenic relationships. Some diseases are restricted 
to individual grass species where synteny studies may not be useful. For example, rice blast disease 
caused by Xanthomonas and barley stem rust caused by Puccinia, are limited to specific host plants. 
However, study of the barley stem rust disease R gene (Kilian et al. 1995) indicates that a homologous 
sequence is present in rice sequence despite the insensitivity of rice to this pathogenic fungus.  
Clearly syntenic relationships are closer between more closely related species but are significantly 
more complex between
  the galegoid and phaseoloid clades of legumes. Twenty-five percent of CHAPTER 2: MEDICAGO TRUNCATULA AS A MODEL LEGUME, RESISTANCE GENES AND GENE MAPPING 
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genetically
 mapped orthologous genes between the clades were potentially non-syntenic, showing that 
there were smaller regions of co-linearity than observed between
 M. truncatula and P. sativum or 
between M. truncatula and L. 
 japonicus which are the same clade. Using many genetic markers
 for 
comparison, synteny between M. truncatula and soybean
 has been difficult to characterize. This is 
because there have been recent duplications and there is a low level of polymorphism
 in the soybean 
genome. However comparison of putatively
 orthologous BAC clone pairs between M. truncatula and 
soybean revealed significant conservation
 of microsynteny, consistent
 with previous comparisons of 
other genome regions between these
 two species (Cannon et al. 2003; Choi et al. 2004b). As might be 
expected conservation of microsynteny
 is significantly greater between legume genomes than between
 
legume genomes and corresponding regions of the Arabidopsis
 genome (Choi et al. 2004b). 
2.12 Objectives 
The overall aim of the work in this part of the thesis was to make use of the M. truncatula model 
system to investigate host-pathogen interactions with legume viruses. Specific objectives were  
a)  to screen the core M. truncatula collection by challenging with the four legume infecting 
viruses AMV, CMV, SCMoV and BYMV (details of individual virus are provided in chapter 
5)  
b)  to characterise resistant and susceptible accessions 
c)  to identify suitable resistant/susceptible crosses as mapping populations and to identify 
potential resistance gene(s)  
d)  to map a virus resistance locus in M. truncatula by combining molecular  and phenotypic data 
and using bioinformatics tools 
  
   20 
CHAPTER 3: GENERAL MATERIALS AND METHODS 
3.1 Survey of diseased plants 
Leaf and stem samples of cultivated and native plants that exhibited virus or phytoplasma like 
symptoms were collected in early September 2004. The samples were collected from three agricultural 
zones in WA: Broome and Kununurra in the Kimberley region, Carnarvon in the Gascoyne region, 
Gingin and Medina agricultural farms in Perth and its surrounding region, as shown in (Fig 3.1). The 
samples were stored at 4ºC before grafting or further processing, or stored in polyethylene bags 
containing silica gel. Samples from the Kimberley were air freighted to Perth on ice. Plant samples 
showing virus or phytoplasma-like symptoms were either sap inoculated to the indicator plants 
Chenopodium amaranticolor or C. quinoa or grafted onto healthy plants and maintained in an air 
conditioned glasshouse at 20-24º C. 
3.2 Medicago truncatula plant material 
3.2.1 Plant/Seed Material and Growth Conditions 
The core germplasm collection of 215 phenotypically distinct M. truncatula accessions was provided 
by the South Australian Research and Development Institute (SARDI). Seeds were scarified and 
planted in a steam sterilized potting mix of coarse river sand and wood chips and plants were grown in 
an insect proof air-conditioned glasshouse. The temperature in the glasshouse was kept at 18-20º C. 
Osmocote 100 g was added to each pot after planting. Group AM medic root nodule bacteria 
(provided by the Australian Legume Inoculant Research Unit ALIRU) were added to each pot after 
seed emergence for nodulation. Biological larvicide VactoBac (Valent Bioscience) was used to control 
soil black fly. Confidor was sprayed every three weeks after planting to control aphids.Twenty-five 
plants of each accession were grown. Five plants of each accession were challenged with AMV, CMV, 
BYMV and SCMoV.  Five plants of each accession were mock inoculated with sodium phosphate 
buffer and celite as a negative control.  
3.2.2 Virus Isolates and Inoculation 
CMV (isolate CMV-Sn, Jones and Latham 1996), BYMV (isolate BYMV-MI, Mathews et al. 1995), 
SCMoV (isolate SCMoV-P23, Dwyer et al. 2003) were maintained in subterranean clover T 
subterraneum cv. Woogenellup kindly provided by Dr Roger Jones DAFWA. AMV (isolate AMV-
EW, Jones and Pathipanawat 1989) was maintained in subterranean clover (T. subterraneum) cvs 
Daliak or Woogenellup. 
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Fig 3.1 Map of Western Australia showing the region surveyed for virus and phytoplasma disease. Red 
arrows indicate where the surveys were undertaken. Map created by using geographical information 
system software (ArcGIS9.2). 
 
Four to five week old healthy M. truncatula plants were inoculated with each virus by sap inoculation. CHAPTER 3: GENERAL MATERIAL AND METHODS 
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The leaves of virus-infected plants were ground with a mortar and pestle (1: 2 w/v) in 0.01 M sodium 
phosphate buffer/L, pH 7.2. Plants were inoculated by rubbing leaves with infective sap in the 
presence of celite. During sap preparation and mechanical inoculation, the inoculum was kept at 4
oC. 
To avoid escapes all leaves of each plant were inoculated twice (the second inoculation was carried 
out one week after the first inoculation). Five plants of each accession were challenged with each virus 
and the remaining plants were mock inoculated with sodium phosphate buffer plus celite as a negative 
control. Plants were kept humid overnight by covering with damp newspaper. 
3.3 Chemicals and enzymes 
All general chemicals and reagents used were of analytical grade and were used without further 
purification. The sources of chemicals and enzymes used are provided in Table 3.1.  
 
Table 3.1 List of chemicals.  
Compounds  Supplier 
Agarose   Promega 
Agar BBL 
Ampicillin Sigma/Roche 
5-bromo-4-chloro-3-indolyl-beta-D-galactopyranoside Promega 
Calcium chloride   Merck 
Chloramphenicol Sigma/Roche 
dATP, dGTP, dCTP, dTTP  Promega 
Diethyl Pyrocarbonate (DEPC)  Sigma 
Dithiothreitol (DTT)  Promega 
DNA Ligase  Promega 
DNA polymerase (Klenow)  Fisher Biotec 
DNA sequencing kits  Applied Biosystems 
Ethidium bromide  ICN Biomedical Inc. 
Isopropyl-β-D- thiogalactopyranoside  Sigma 
Lysozyme Boehringer  Mannheim 
DNA size marker (λ DNA digested with HindIII)  Fisher Biotec 
DNA size marker (100 bp-ladder)  Promega 
4-nitrophenol (4-NP)  Sigma 
Kanamycin Sigma/Roche 
Lysozyme  Boehringer Mannheim  
PCR reaction Buffers and Enzymes  Fisher Biotech 
Reverse transcriptase (AMV)  Promega. Ambion 
Reverse transcriptase (Stratascript)   Stratagene 
RNase ONE™   Promega 
RNasin® Ribonuclease Inhibitor  Promega 
RQ1 RNase-Free DNase   Promega 
Taq DNA Polymerase  Gibco BRL 
Tetracycline Sigma/Roche 
Tris-hydroxymethylaminomethane (Tris) Base  Gibco BRL 
Bacteriological Tryptone and Peptone  DIFCO 
UltraClean™ PCR Clean-up™ Kit  Mo Bio Laboraties, Inc 
Wizard® Plus SV Minipreps DNA Purification Systems  Promega 
Wizard® SV Gel and PCR Clean-up System  Promega 
Yeast Extract  BBL 
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3.4 Commonly used solutions 
Table 3.2 List of solutions.  
TE buffer   10 mM Tris.HCl, pH 8.0, 1 mM EDTA 
GTE buffer 
(Glucose/Tris/EDTA) 
50 mM glucose 
25 mM Tris.HCl, pH 8.0, 10 mM EDTA 
0.5 M EDTA (pH 8)   0.5 M ethylenediaminetetra-acetate,  
(disodium salt) 
pH adjusted to 8.0 with 10 M NaOH 
Sodium hydroxide/SDS 
solution 
0.2 M NaOH 
1% (w/v) sodium dodecyl sulfate in DDI water 
3 M Potassium acetate  60 mL of 5 M potassium acetate 
11.5 mL of glacial acetic acid 
28.5 mL DDI water 
pH 4.8 
3 M Sodium acetate   246 g sodium acetate 
adjust pH to 5.2 with 3M acetic acid 
DDI water to a final volume of 1litre 
SDS, 10%  10 g of SDS  
plus DDI water to a final volume of 100 mL 
heated to 68°C or until dissolved 
TAE electrophoresis buffer 
(Tris acetate EDTA) 
40 mM Tris Base 
20 mM sodium acetate 
1 mM EDTA (disodium salt) 
pH 8.2 
Prepared as a ×20 concentrate 
TBE electrophoresis buffer 
(Tris borate EDTA) 
134 mM Tris base 
44 mM boric acid  
2.6 mM EDTA (disodium salt) 
pH 8.8 
Prepared as either a ×10 or ×20 concentrate 
Gel loading buffer  5 mM Tris.HCl, pH 7.5 
50% (v/v) glycerol 
0.04% bromophenol blue 
Ligation buffer  As supplied by Promega or Geneworks 
Restriction  enzyme  buffer  Buffers were supplied by the manufacturer of the enzyme 
(generally Promega) 
Antibiotics  The concentrations of antibiotic stock solutions were: ampicillin, 
100 mg/mL; kanamycin, 30 mg/mL;. Antibiotics were dissolved in 
a solution for AR ethanol and water, at the ratios of 7:3 
respectively, with the exception of kanamycin, which was 
dissolved in water. The working concentrations were; ampicillin, 
100 µg/mL; kanamycin, 30 µg/mL; chloramphenicol, 34 µg/mL; 
and tetracycline, 12 µg/mL.  
CaCl2 Solution  60 mM CaCl2 
15% w/v glycerol 
10 mM PIPES, pH 7.0 
Saline  0.89% w/v NaCl 
Water  Unless otherwise specified, all water used in reagent preparations 
or enzyme reactions was double de-ionized, ultra-pure and 
autoclaved. 
3.5 Bacterial growth media 
All bacterial growth media (Table 3.3) were autoclaved at 121°C for 30 min.  
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Table 3.3 List of bacterial growth media.  
Luria-Bertani medium 
(LB medium) 
1% bacteriological tryptone  
0.5% yeast extract 
0.5% NaCl 
Supplemented Luria-Bertani 
medium 
(Supplemented LB medium) 
1% bacteriological tryptone  
0.5% yeast extract 
0.5% NaCl 
Autoclaved and filter sterilized supplements  
0.2% maltose and 10 mM MgSO4 were added before use. 
Agar Medium Plates E. coli  Agar (1.8% w/v) was dissolved and autoclaved in LB broth. When 
necessary, antibiotics were added after the medium was cooled below 
50°C. Subsequently the medium was poured into petri dishes.  
LB Top Agarose  1% bacteriological tryptone  
0.5% yeast extract 
0.5% NaCl 
0.6% agarose 
SOC medium  2% bactotryptone 
0.5% yeast extract 
10 mM sodium chloride 
2.5 mM potassium chloride 
10 mM magnesium chloride 
20 mM magnesium sulfate 
20 mM D-glucose 
Both glucose and magnesium chloride were added after autoclaving 
3.6 Total DNA extraction from plants 
The hot CTAB method (Zhang et al. 1998; Dellaporta et al. 1983) was used with minor modifications 
to extract the DNA from plant tissues. One gram of green leaf tissue was frozen in liquid nitrogen and 
ground to a fine powder with a mortar and pestle. The material was transferred to a 50-mL Falcon tube 
and 15 ml of cetyltrimethylammonium bromide (CTAB) buffer was added at 60°C (CTAB buffer: 2% 
CTAB, 1.4 M NaCl, 20 mM EDTA, 100 mM Tris–HCl, pH 8.0, 0.2% β-mercaptoethanol). The 
mixture was incubated at 60°C in a water bath for 20 min and placed on ice for 5 min. An equal 
volume of phenol-chloroform–isoamyl alcohol mixture (24:24:1) was added and centrifuged for 15 
minutes at 20 000g. The supernatant was transferred to a new 50 ml Falcon tube and mixed with an 
equal volume of ice-cold isopropanol and left overnight at –20°C to precipitate DNA. The tube was 
then centrifuged at 20 000g  for 15 min, the pellet rinsed in 70% ethanol, dried and resuspended in 1 
ml of Tris–EDTA (10 mM Tris–HCl, 1 mM EDTA), pH 8.0 and the DNA was stored at –20°C.   
3.7 Total RNA extractions 
Total RNA was extracted from infected plant material using the RNeasy Plant Mini (Qiagen) 
extraction kit as follows: 
•  Weigh amount of tissue to be extracted (less than 100mg). 
•  Grind into a powder in liquid nitrogen. 
•  Decant powder plus liquid nitrogen into a RNase-free liquid nitrogen cooled 1.5mL 
microcentrifuge tube. Allow liquid nitrogen to evaporate but not tissue to thaw. CHAPTER 3: GENERAL MATERIAL AND METHODS 
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•  Add 450µL of buffer RLT and vortex vigorously. 
•  Pipet lysate onto QIAshredder spin column and centrifuge for 2min @ 20,000xg. 
•  Transfer supernatant flow-through to a new microcentrifuge tube. 
•  Add 225µL of 99.7% ethanol to cleared lysate and mix immediately by pipetting. 
•  Apply sample (650µL) to RNeasy mini column in 2mL collection tube. 
•  Centrifuge for 15s @ 20,000xg.  Discard flow through. 
•  Add 700µL Buffer RW1 to RNeasy column, centrifuge 15s @ 20,000xg to wash flow through.  
Discard collection tube. 
•  Transfer RNeasy column into a new collection tube, pipet 500µL buffer RPE onto RNeasy 
column and centrifuge 2min @ 20,000xg. 
•  Store RNA at -80
oC. 
•  All tubes, vessels or reagents were either purchased nuclease free or treated with a 0.01% 
solution of diethyl pyrocarbonate (DEPC) for 12 h at 37°C prior to autoclaving in a sealed 
plastic autoclave bag containing DEPC treated water.  
RNA integrity was assessed by agarose gel electrophoresis using the ratio of intensities of the 23S and 
16S ribosomal RNA bands.  
3.8 Purification of DNA solutions 
3.8.1 Ethanol Precipitation 
DNA was purified and concentrated by ethanol precipitation.  This was done as follows: 
•  Make up volume to 50µL with H2O (+32µL) in 0.5mL tubes. 
•  Add 5µL of 3M NaAc (pH= 5.2). 
•  Add 2 volumes (110µL) of ice cold ethanol then mix. 
•  Allow to sit at –20
oC 15-30 minutes to precipitate DNA. 
•  Recover DNA by centrifugation for 10 minutes at max speed at 4
oC. 
•  Drain supernatant. 
•  Add 500µL 70% ethanol. 
•  Centrifuge at max speed for 2min at 4
oC, remove supernatant and repeat 70% ethanol wash. 
•  Dry pellet. 
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3.8.2 Purification by S-400 Gel Columns 
Samples of DNA were purified using an Amersham Microspin Resin S-400 Column.  Purification was 
carried out following the manufacturer’s protocol as follows: 
•  Resuspend resin in column by vortexing. 
•  Loosen cap one-fourth turn and snap of bottom closure. 
•  Place column in 1.5mL microcentrifuge tube. 
•  Pre-spin column at 770g for 1 min. 
•  Place column in new 1.5mL tube, remove and discard cap and slowly apply sample to top 
centre of the resin bead without disturbing it. 
•  Spin column at 770g for 2 min. 
•  Purified sample collected. 
3.8.3 Purification by Autoseq G-50 Gel Columns 
Samples of DNA were also purified using Amersham autoseq G-50 gel columns (Amersham 
Biosciences, Cat. No. 27-5340-01). Purification was carried out following the manufacturer’s protocol 
as follows: 
•  Vortex column to resuspend gel. 
•  Snap bottom closure and turn lid 1/4 turn. 
•  Centrifuge 1 minute at 4400 rpm. 
•  Place column in fresh micro centrifuge tube. 
•  Apply sample to resin bead without disturbing pellet. 
•  Centrifuge 1min at 4400rpm. 
•  Sample collected from micro-centrifuge tube. 
3.9 Quantifying DNA 
DNA was quantified by using three different approaches. 
3.9.1 Quantification of DNA Using a Fluorometer. 
DNA concentrations were quantified using a Hoefer DyNA Quant 200 fluorometer as follows: 
•  2mL of 1x TNE working solution was put in quartz cuvette and blanked on fluorometer. 
•  2µL of 100ng/µL Calf Thymus standard DNA solution were added to cuvette and mixed. 
•  After machine calibrated, the cuvette was emptied and washed several times with distilled CHAPTER 3: GENERAL MATERIAL AND METHODS 
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water to clean. 
•  2mL of 1x TNE working solution blanked in quartz cuvette and 2µL of sample DNA was 
added and mixed. 
•  The cuvette was washed with distilled water between samples. 
3.9.2 Measurement of DNA Concentration Using a Spectrophotometer. 
A Perkin Elmer Lambda 25 UV/VIS spectrophotometer was used to determine RNA and DNA 
concentrations. It produces a spectrum from 220 to 320 nm. Quantification of DNA and RNA used the 
formula: 
Absorbance (260nm) × 50 (DNA) or 40 (RNA) = DNA/RNA µg/µL. 
Spectral analysis allowed contaminating molecules such as phenol and protein to be detected.  
3.9.3 Nanodrop Spectrophotometer. 
The NanoDrop Spectrophotometer (NanoDrop Technologies) is designed to measure nucleic acid 
concentrations in sample volumes of one microliter. The sample is placed directly on top of the 
detection surface and uses the surface tension to create a column between the ends of optical fibers. 
The sensitivity range for DNA detection is between 2 and 3700 ng/ul, spectral range 220 to 750 nm 
and it is possible to scan between three wavelengths. A single measurement cycle takes 10 sec. The 
instrument is driven by a PC, which allows to achive a large number of measurements.  
•  Set the nanodrop wavelength according the sample DNA/RNA. 
•  Zero the machine by placing 2µL of water onto detection surface and close the lid. 
•  After zeroing with water wipe the surface with kimwipe. 
•  Place 2 µL DNA on detection surface and close the lid. 
•  Allow few seconds for nanodro to read. 
•  Take the reading in ng/µL from the computer and load next sample with out zeroing the 
nanodrop. 
 3.10 Bacterial strains, plasmids and primers used 
Escherichia coli JM109 and TOP 10 F´ strains used to manipulate of DNA are also described whilst 
the plasmids used in this study are described in appendix III. The primers SP6 and T7 were used for 
the confirmation of clone by PCR and sequencing are shown in the table 3.7. 
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3.11 Agarose gel electrophoresis 
Tris-acetate acid-EDTA (TAE) electrophoresis buffer was used to make gels and running buffers (50x 
TAE: 2M Tris-Acetate; 0.05M EDTA; pH 8.0 Sambrook et al. 1989). Ten microliters (125ng) of 1Kb 
ladder molecular weight marker (Fermentas/ Promega) was used as a size standard.  Gels were run on 
Bio-Rad Mini-Sub Cells™ or Bio-Rad Wide Mini-Sub Cells™ at 70 to 90V.  Gels were stained in a 
1µg/mL ethidium bromide solution for 15 minutes. DNA in the gel was then visualised on a 
transilluminator 1000 system (Bio-Rad) in conjunction with Molecular Analyst Software, Ver 1.4 
(Bio-Rad) to visualize and store gel images. Total DNA, total RNA and PCR amplicons were 
visualised, depending on the size of the fragment, on 0.7%, 1.0% or 2.0% DNA grade agarose (Fisher 
Biotec, Australia) by electrophoresis.  The gels were run with various amounts of total DNA, total 
RNA and PCR product (5-10µL) and 1µL of glycerol loading buffer The electrophoresis running 
times were determined by the position of the bromophenol blue marker dye on the gel.  
3.12 Ligation of plasmids and inserts 
A typical ligation reaction had a fragment ratio, insert to vector, of ~ 3:1. The amount of insert used 
varied from 35-60 ng. PCR products were cloned into a plasmid and transformed into E coli after 
quantification. The reaction was carried out as in the following Table 3.4 and incubated for 1-2 hours 
at room temperature 24º C or in a 14º C water bath overnight.  
Table 3.4 Ligation of plasmids and inserts.  
 
Component Amount 
pGEM-T easy™ vector (Promega Corp)  1µL 
T4 DNA ligase  1µl 
2x rapid ligation buffer  5µL 
purified PCR product  25ng/µL 
H2O  to 10 µL 
3.12.1 Ligation Using Invitrogen TA Cloning Kit 
Twenty five nanograms of purified PCR products (insert) were ligated to 25 ng of either TA or EcoR I 
and Hind III digested pCR 2.1 plasmid, using 2 units of T4 DNA ligase (Invitrogen, Carlsbad, CA, 
USA). The vector to insert ratio was about 1:6 in a final volume of 10µL  and the reaction was carried 
out at 14°C for 14-15 hrs in a bench top cooler (Tropicooler 260014, Boekel Scientific, Feasterville, 
PA, USA). The ligtion mixtures were used either directly for PCR ‘Lig-PCR’ or for transformation of 
chemically competent One Shot® Top10 E.coli cells (Invitrogen, Carlsbad, CA, USA). CHAPTER 3: GENERAL MATERIAL AND METHODS 
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3.13 Transformation of Escherichia coli  
3.13.1 Preparation of Electrocompetent Cells 
•  Cells (‘TOP 10 F’) were grown in 500 mL of SOC or LB medium, with a final concentration 
of 0.2% glucose and harvested when the optical density, A600nm, was 0.3 – 0.8.  
•  Cultures were centrifuged at 3800 × g for 10 min at 4°C and the pellet resuspended in 1 vol 
(equal to that of the original culture) of ice-cold sterile DDI water. 
•  The cell suspension was re-centrifuged, rewashed in 0.5 vol of ice cold sterile DDI water, 
followed by centrifugation at 3800 × g for 10 min. at 4°C.  
•  The pellet was resuspended in 20 mL of sterile, ice cold, 10% glycerol (v/v)and re-centrifuged 
at 5927 × g for 10 min. at 4°C.  
•  The final re-suspension of the cells was in 10% glycerol, to a final volume of 1.5 mL. Aliquots 
of 50 µL were placed into micro-centrifuge tubes, snap frozen in liquid nitrogen and stored at 
-72°C until needed. 
3.13.2 Bacterial Transformation by Electroporation 
Transformation of bacteria with plasmid DNA was usually done by electroporation, using a Bio-Rad 
Gene Pulser II, with pulse controller and capacitance extender. To maximize the transformation 
efficiency for different bacterial species, bacteria were prepared for electroporation by different 
methods. Electroporation settings are shown in Table 3.5 
 
Table 3.5 Electroporation settings for transformation of Escherichia coli. 
 
 
 
 
 
 
•  Competent cells were mixed with DNA, transferred to a 2mm path-length cuvette, pulsed once 
at 2.5 kV, at room temperature and LB medium was than added to the cuvette. 
•  The bacteria were transferred to an incubation tube with total medium volume of 1 mL and 
allowed to recover for 1 h at 37°C. 
•  Routinely, 0.05 – 1.0 mL of the incubation suspension was spread evenly onto an LB -agar 
plate containing the appropriate antibiotic and incubated at 37°C. 
Characteristic  E. coli 
By-pass resistance (Ohms)  200  
Capacitance (µFD)  25 or 10 
Cuvette path length  2 mm 
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3.13.3 Preparation of Heat Shock Cells for Transformation 
Competent cells for heat-shock transformation were prepared as described by Ausubel et al. (1992) as 
follows: 
•  At an OD600 of approximately 0.4, the DH5ά culture was chilled and cells were harvested by 
centrifugation at 4°C for 7 min at 1600 × g. 
•  Cells were suspended in 0.25 × culture volume of cold 1M CaCl2 Solution. 
•  The cells were re-centrifuged at 1600 × g resuspended in the same volume of cold 1M CaCl2 
solution and left on ice for 30 min. 
•  Finally the cells were pelleted, resuspended in 16 mL of 1M CaCl2 solution, 100-µL aliquots 
were snap frozen in liquid nitrogen and stored at –80°C. 
3.13.4 Heat Shock Transformation 
•  Ligation reaction was mixed with 100 µL of cells and chilled on ice for 30 min. 
•  Cells were heat-shocked at 42°C for 30 sec, then returned to ice for 1 min. 
•  The bacteria were transferred to 1 mL of recovery medium (LB) and incubated for 1h at 37°C 
to express plasmid genes. 
•  Between 50-150µl of the incubation suspension was spread onto an LB-agar plate containing 
the appropriate antibiotic and incubated at 37°C. 
3.13.5 Screening for Recombinant Plasmids 
Colonies were touched with a sterile toothpick, taking care to avoid any untransformed satellite 
colonies. Cells were transferred to LB plates, containing the appropriate antibiotic, for growth and 
storage. The same toothpick was "swizzled" in a PCR reaction mix on ice. After amplification, PCR 
products were analyzed by gel electrophoresis. The agar plates were incubated overnight then screened 
for recombinant plasmids either by restriction digestion or by PCR: 
•  Colonies were each resuspended in 20µL of H2O 
•  PCR was carried out on 1µL suspended cells  
•  M13 forward and reverse primers (Promega) or T7/SP6 primers were used in a PCR to 
confirm cloned fragments that were visualised on1% agarose gel. 
3.14 Plasmid extraction 
Colonies that contained a fragment of the expected size were inoculated into 5mL of LB media with 
5µl ampicillin and incubated at 37
oC overnight.  The plasmid was then purified from the culture using 
Aurum™ BioRad Plasmid Extraction kit according to the manufacturer’s protocol. CHAPTER 3: GENERAL MATERIAL AND METHODS 
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•  Centrifuge at 20,000g for 1 minute at 4
oC, decant flow through. 
•  Add 750µL wash solution and centrifuge at 20,000g for 1 minute at 4
oC. 
•  Decant flow though and centrifuge at 20,000g for 1 minute. 
•  Transfer minispin column to clean 1.5mL microcentrifuge tube. 
•  Add 50µL elution solution and wait 1 minute. 
•  Centrifuge at 20,000xg for 1 minute to elute. 
•  Store at –20
oC 
3.14.1 Medium Scale Preparation of Plasmid DNA 
Medium scale plasmid DNA preparation was done as described by (Ausubel et al. 1992). Lysozyme 
was added except that between alkaline lysis. Additional alterations to this method were made to scale 
down the procedure. 
•  Cells were initially centrifuged for 10 min at 4355 × g.  
•  The resulting pellet was resuspended in 0.5 mL of GTE buffer. 
•  100 µL of 25 mg/mL egg white lysozyme was used. 
•  2mL of NaOH (0.2M) / SDS (1% w/v) solution was added.  
•  2mL of 3 M potassium acetate (pH 4.8) was added and the mixture centrifuged to pellet 
cellular debris after the potassium acetate step, at 3000 × g for 10 min.  
•  The supernatant was transferred to micro-centrifuge tubes and re-centrifuged at 18 000 × g, for 
5 min. 
•  The final solution was phenol extracted either once or twice.  Phase separation spins was done 
at 18 000g for 5 min or at 3000g for 7 min.  
•  5µL of 10 µg/µL DNase free RNase was added either to the final solution of plasmid DNA, or 
to the solution just prior to phenol extraction and allowed to stand at room temperature for at 
least 5 min. 
Because of the large volume of DNA solutions after phenol extraction, ethanol precipitation was often 
replaced by isopropanol precipitation. This involved the addition of 0.6 vol of isopropanol, standing 
for 10 min at room temperature, followed by centrifugation at 18 000g for 5 min.  
3.15 Restriction digestion of plasmid 
Restriction enzyme reactions were generally performed using the buffer and reaction conditions 
recommended by the manufacturers. Purified plasmid DNA was analysed by restriction digestion 
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•  5µL of extracted plasmid mixed with 1µL EcoR1 H (activity = 12u/µL), 2µL EcoR1 H Buffer 
(10x) and 12µL H2O.  
•  Incubated at 37
oC for 1.5 hours.  
3.16 Storing clones as glycerol stocks 
Colonies with a desired insert were stored as glycerol stocks as follows: 
•  0.5mL of fresh liquid culture was added to 0.5mL of 30% glycerol solution to create 15% 
glycerol solution. 
•  The solution was left at room temperature for a few minutes to allow glycerol to be taken up 
by cells. 
•  Cells were then dropped into liquid nitrogen to freeze rapidly and stored at –80
 oC. 
3.17 Ethanol precipitation 
DNA was precipitated by adding 0.1 volume of 3 M sodium acetate and 2.5 – 3 volumes of ice-cold 
ethanol. Samples were chilled at -20°C for 1 hour and centrifuged at 21 000 × g for 10 min. The 
supernatant was discarded and the pellet rinsed in ice-cold 70% ethanol. This was followed by re-
centrifugation for 2 min, the supernatant was discarded and the pellet was re-dissolved in TE buffer or 
water. Where small amounts of DNA were to be recovered, precipitation mixtures were chilled at -
70°C for up to 1 h.  
3.18 Butanol precipitation 
Butanol precipitation of DNA was used to recover DNA from ligation reaction mixtures to prevent 
salts in the ligation reaction from interfering with electroporation. Precipitation involved: 
•  Adding water to the product to make a post-ligation volume of 50 µL. 
•  Adding 500 µL of butanol, chill on ice for 40 min. 
•  Centrifuging for 30 min at 21 000g, after drying, pellets were redissolved in sterile distilled 
water. 
3.19 DNA extraction from gels and solutions 
Extraction of DNA with the UltraClean™ Kit GeneWorks was done following the manufacturers 
instructions. This involved the addition of a NaI solution, which allows the binding of DNA to a silica 
matrix, washing to remove impurities and finally elution of DNA in TE buffer. An additional 
centrifugation was performed on the final DNA solution to remove residual silica.  
The Wizard
® SV Gel and PCR Clean-up System was used to purify of DNA from PCR and reactions CHAPTER 3: GENERAL MATERIAL AND METHODS 
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for dephosphorylation of DNA 5’ termini. Purifications were carried out using a vacuum manifold as 
described by the manufacturer. The method uses a combination of suspended and solid phase silica 
matrices to preferentially bind and purify DNA. 
3.20 Dephosphorylation of DNA 5' termini 
Dephosphorylation was carried out as described by Doyle (1996). Briefly, the DNA was incubated 
with calf intestinal alkaline phosphatase (CIAP; 0.01 U/pmole of ends) for 30 min at 37°C, followed 
by the addition of 0.01 U of which enzyme and a second, identical incubation. The following 
modifications to this method were made: 
•  To stop the CIAP reaction 4 µL of 0.25 M EDTA was added. 
•  DNA was purified by phenol/chloroform extraction using a Wizard
® SV Gel and PCR Clean-
up System section 3.19. 
•  Ethanol precipitation described in section 3.17.  
3.21 DNA “Blunt Ending” or “End Polishing” reaction 
Blunt end ligation was used to modify cloning vectors with 5’ overhanging termini for blunt end 
ligation. Briefly, dNTPs and Klenow fragment DNA polymerase were added to the DNA, incubated at 
37°C for 10 min and the enzyme inactivated by heating at 70°C for 5 min. The DNA was purified as 
described in section 3.8. 
For PCR products where a 3’ overhanging base was present the DNA was incubated with Klenow 
polymerase for 10 min. before adding the dNTP mixture to allow the 3’-exonuclease activity to 
remove the 3’ overhang. The addition of dNTPs allowed the polymerase to fill any recessed 3’ termini, 
resulting in a blunt-ended DNA molecule. 
3.22 Polymerase chain reaction (PCR) 
PCR mixtures all contained the basic components described by Eckert and Kunkel, (1990). Either Taq 
or Pfu polymerase was used for PCR, with buffers supplied by the enzymes’ manufacturers. Unless 
specified otherwise, uniform incubation temperatures and times were used for the reactions (Table 
3.6). Amplification was performed using Perkin-Elmer thermal cyclers, models Gene Amp 9600 or 
2400 or an Eppendorf Mastercycler Gradient thermocycler. 
Table 3.6 The thermal cycle characteristics for PCR. 
Cycles  1 25  1 
Temperature (°C)  95 94  55-65
*  72 72 15 
Duration (sec)  300 60 30 60
# 420  - 
- the period of time at this temperature was variable, but not more than 12h. 
*this temperature varied according to the specificity required for specific primer pairs 
# extension time varied according to the length of the PCR product being amplified CHAPTER 3: GENERAL MATERIAL AND METHODS 
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In general, for extension of 1 kb products from Taq and Pfu polymerases 1 and 2 minute extension 
time were used respectively. When PCR products were used for sequencing, the concentration of 
dNTPs was halved to decrease amplification errors (Eckert and Kunkel, 1990) or the proof-reading 
enzyme Pfu polymerase was used. 
 
Table 3.7 Oligonucleotide primers used for virus identification, phytoplasma analysis and gene mapping. 
Primer   Sequence (5'→3') 
Potyvirus (Chen  et al. 2001) 
Sprimer  GGX AAY AAY AGY GGX CAZ 
M4T  GTT TTC CCA GTC ACG AC (T)15 
M4  GTT TTC CCA GTC ACG AC 
Phytoplasma  (Deng and Hiruki 1991) 
P4  GAA GTC TGC AAC TCG ACT TC 
P1  AAG AGT TTG ATC CTG GCT CAG GAT T 
P7   CGT CCT TCA TCG GCT CTT 
R16mR1  CTT AAC CCC AAT CAT CGA C 
R16mF2  CAT GCA AGT CGA ACG GA 
Geminivirus  (Rybicki and Hughes 1990) 
Gemini V1  TKS AKC CAR TCT TCR TC 
Gemini V2  GGA AAR WCT WCY TGG GC 
Mastrevirus  (Rybicki and Hughes 1990) 
Forward  T(T/G)(G/C)A (T/G)CC A(A/G)T CTT C(A/G)T C 
Reverse  GGA AA(A/G) G (T/A)A G(A/T)(C/T) TTT CC 
SP6   ATTTAGGTGACACTATA 
T7   TAATACGACTCACTATAGGG 
3.23 DNA sequencing reactions 
Sequencing reactions were done in a 10 µL volume containing 4 µL of ABI PRISM Dye Terminator 
Cycle Sequencing Ready Reaction Mix (rhodamine or Big Dye based chemistries). The amount of 
template DNA added to the reaction mix varied according to the DNA and sequencing chemistry used: 
3.2 pmoles of each primer was added to each reaction. Generally, fewer templates were required when 
sequencing with Big Dye chemistry. Cycle sequencing was performed using a Gene AMP 
thermocycler (model 9600) and the thermocycle conditions shown in Table 3.8. 
In preparation for electrophoresis, samples were ethanol precipitated and analyzed using an ABI 373 
or 377 Sequencer, at the WA State Agricultural Biotechnology Centre WA (SABC) sequencing 
facility. Sequencing data were processed using Bioedit software (Hall 1999). 
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Table 3.8 Thermal cycle conditions for dye terminator cycle sequencing reactions. 
Cycles  1
* 25 1 
Temperature (°C)  96 96  50-55  60 15 
Duration (sec)  120 10  5 240  - 
 
* Incubation unique to sequencing with Big Dye chemistry 
- The period of time at this temperature was variable, but no more than 13h. 
3.24 Invitrogen Thermoscript protocol for reverse transcription 
Reverse transcription of total RNA was carried out using an Invitrogen Thermoscript Reverse 
Transcriptase-PCR kit Table 3.9 in a 0.2mL tube: 
Table 3.9 Working volumes used for reverse transcription.  
Component Amount 
Primer (Random Hexamers)  1µL (10pmol/µL) 
RNA  1µL (not quantified) 
Diethylpyrocarbonate 
(DEPC)-treated H2O 
8µL 
Total 10µL 
•  Denature RNA and Primer by incubating at 65
oC for 5min and place on ice. 
•  Vortex 5x cDNA synthesis buffer prior to use. 
Prepare master mix as follows: 
Table 3.10 Working volumes used for reverse transcription.  
Component Amount 
5x cDNA synthesis buffer  4µL 
0.1 M DTT  1µL 
RNase OUT (400U/µL)  1µL 
DEPC-treated H2O 1µL 
10mM dNTP mix  2µL 
Thermoscript RT (15U/µL)  1µL 
Total 10µL 
•  Pipette 10µL Master Mix per reaction. 
•  Incubate in thermal-cycler 25
oC/10 min, 50
oC/ 50 min, 85
 oC/ 5 min. 
•  The reaction mixture was incubated at the following temperatures and times. 
•  Add 1µL of RNase H and incubate for 20min @ 37
oC. 
•  Store at -20
oC or use for PCR immediately. CHAPTER 3: GENERAL MATERIAL AND METHODS 
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3.25 Im-Prom II reverse transcriptase protocol 
Reverse transcription was carried out using the Im Prom II Reverse Transcription kit as follows: 
•  Combine random hexamers (10pmol/µL) RNA template and water to 5µL volume. 
•  Incubate at 70
oC for 5 minutes and place on ice. 
•  Prepare a Master-mix describe in Table 3.11: 
 
Table 3.11 Working volumes used for Im-Prom II reverse transcriptase.  
Component Volume  (µL) 
Nuclease Free Water  6.6 
Im-Prom II 5x Buffer  4 
25mM MgCl2 2.4 
dNTP Mix (10mM) each  1 
Im-Prom II Reverse Transciptase  1 
Total 15 
•  Pipette master-mix into primers and template mix. 
•  Incubate in thermocycler 25
oC /5min, 37
oC/60min, 70
oC/15min. 
•  Store at -20
oC or use immediately. 
3.26 PCR protocol for cDNA synthesis 
The desired viral fragment was then amplified from the cDNA by PCR (Table 3.12). The following 
PCR reaction mix was prepared: 
The reaction mixture was then incubated in a thermocycler under the following conditions: 
94
oC for 5min, then 25 cycles of:  
94
oC/10sec  
55
oC/30sec  
72
oC/1min, Then 72
oC for 7min and rested at 15
oC 
Table 3.12 PCR components for cDNA synthesis.  
Component Amount 
5x Buffer  5µL 
2Mm dNTPs  5µl 
MgCl2 2.5µL 
Taq Polymerase  0.3µL 
Primers 10pM  1µL each 
Template (cDNA)  1µL 
H2O  to 50 µL 
.  
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CHAPTER 4: SURVEY FOR PLANT DISEASES IN WESTERN 
AUSTRALIA: NEW REPORTS OF PHYTOPLASMA ASSOCIATED 
DISEASES AND NEW VIRUS OCCURRENCE (BEAN COMMON 
MOSAIC VIRUS) 
 
4.1 Introduction 
In this chapter results are reported on the identification of new phytoplasma diseases in WA, found 
during surveys directed initially to identifying virus diseases of crops. Phytoplasmas are phloem-
limited pathogens associated with many damaging plant diseases (Seemuller et al. 1998). One of the 
phytoplasma species most commonly found in Australia is ‘Ca Phytoplasma australiense’. In 
Australasia, it is associated with diseases of several hosts including cabbage tree (Cordyline australis), 
common bean (Phaseolus vulgaris), papaya (Carica papaya), pumpkin (Cucurbita maxima), 
strawberry (Fragaria ananassa), grapevine (Vitis vitifera) and chickpea (Cicer arietinum) (Liefting et 
al. 1998; Padovan et al. 1999; Padovan et al. 2000; Andersen et al. 2001; Streten et al. 2005; Saqib et 
al. 2005). In south-west Australia, it causes a damaging disease of Paulownia (Paulownia fortunei) 
trees (Bayliss et al. 2005). There are records of phytoplasma-like diseases in a wide range of other 
cultivated plants in this region but without molecular identification of the causal agent. The host 
species involved include aster (Callistephus chinensis), bird of paradise plant (Poinciana gilliesii), 
carrot (Daucus carota), cape gooseberry (Physalis peruviana), celery (Apium graveolens), dahlia 
(Dahlia spp.), geranium (Pelargonium spp.), gerbera (Gerbera jamesoni), larkspur (Delphinium 
ajacis), lettuce (Lactuca sativa), lucerne (Medicago sativa), michaelmas daisy (Aster novae-angliae), 
marigold (Calendula officinalis), periwinkle (Vinca spp.), petunia (Petunia hybrida), phlox (Phlox 
drummondii), potato (Solanum tuberosum), shasta daisy (Chrysanthemum maximum) and snapdragon 
(Antirrhinum majus) (Doepel 1964; Goss 1964; McLean and Price 1984). 
4.1.1 Phytoplasma Associated Disease in Paulownia  
Paulownia trees are native to China but have recently been introduced into Australia as a new 
plantation timber species. Paulownia Witches’-Broom (PaWB) disease, associated with a phytoplasma 
belonging to the Aster Yellows group ‘Ca Phytoplasma asteri’ (IRPCM Phytoplasma Taxonomy 
Group 2004), is the major disease affecting Paulownia trees in China and other East Asian countries 
(Nakamura et al. 1996).  PaWB disease now appears to be a major threat to Australian Paulownia 
plantations but had not been reported outside Asia. Because symptoms of a disease in Paulownia 
plantation in WA were thought to be of viral origin, we were asked to join Dr K. Bayliss to understand 
the problem. In fact no evidence for virus infection was found, but rather the cause of the disease was 
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4.1.2 Results and Discussion  
Symptoms similar to PaWB disease reported from China, including stunted growth (reduced leaf size, 
short internodes) and interveinal chlorosis (‘yellows’) on leaves (Fig 4.1), were observed in late 2001 
and early 2002 on trees at three commercial plantations in Western Australia that were planted from 
root cuttings in 1999. 
The symptoms were initially attributed to a nutrient deficiency or possibly due to virus infection, but 
application of trace elements failed to correct the problem and further spread of the symptoms, typical 
of a biotic not an abiotic syndrome, occured. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 4.1 Symptoms of ‘Ca Phytoplasma australiense’ on Paulownia fortunei. Interveinal ‘yellows’ on leaves, 
reduced internodes, reduced leaf size and stunting of growth. 
 
Leaf samples were collected from asymptomatic and symptomatic Paulownia trees. DNA was 
extracted as described in section 3.6 (Dellaporta et al. 1983) and tested for the presence of a 
phytoplasma by PCR (Table 3.7). DNA from PaWB, Australian grapevine yellows (AGY) and tomato 
big bud (TBB) phytoplasmas was included as controls. 
PaWB-specific primers described by Wu et al. (2002) failed to amplify a product, but four sets of 
primer pairs (rD1-rD4) designed to amplify the 16S rRNA gene from PaWB (Nakamura et al. 1996) 
resulted in products of the expected size (1.5, 1.3, 0.75 and 0.55 kb). Based on RFLP patterns 
following digestion of the 1.5 kb product with AluI and MseI, the phytoplasma amplified from the 
Paulownia samples (Fig 4.2) was similar to that of ‘Ca  Phytoplasma australiense’ isolated from 
grapevines, which belongs to the Stolbur phytoplasma group (IRPCM Phytoplasma Taxonomy Group 
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‘Ca. P. australiense’ is associated with AGY, Phormium yellow leaf and papaya dieback diseases 
(Liefting et al. 1998), witches’ broom of garden bean (Schneider et al. 1999), strawberry green petal 
and lethal yellows diseases (Padovan et al. 2000) and sudden decline of Cabbage trees (Andersen et al. 
2001). Interestingly ‘Ca. P. australiense’ was originally a member of the aster yellows phytoplasma  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 4.2 RFLP patterns following digestion of a 1.5 kb PCR product amplified using primer pair rD1/rD4 
(Nakamura et al. 1996) with either (A) AluI, or (B) MseI (lane 1 kilobase marker (Promega), lane 2 = 
PaWB, lane 3 = AGY, lane 4 = TBB, lanes 5 and 6 = samples from WA (Paulownia trees collected from 
two separate plantations), lane 7 = negative control. 
 
group ‘Ca. P. asteri’ (Liefting et al. 1998) in which PaWB belongs. Whether there is any relationship 
between the two phytoplasma strains and their preference for Paulownia as a host requires further 
investigation, although the two strains are easily separated by their 16S rRNA sequences [Accession 
numbers are listed by the IRPCM Phytoplasma Taxonomy Group (2004)]. Anecdotal evidence 
suggests that ‘Ca. P. australiense’ has been present in Paulownia trees in Australia for some years; 
however whether the trees were imported with the disease or have acquired it here is unknown. 
Careful management of infected Paulownia plantations is now required to prevent any further spread 
of this ‘Paulownia Yellows’ disease. Certified PaWB-free trees can be obtained though tissue culture 
and it is likely that this method may now be required to produce trees free of ‘Ca. Phytoplasma 
australiense’. Further work to identify insect vectors is also required, together with development of 
plantation hygiene and disease control protocol. 
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4.2 First record of a phytoplasma-associated disease of chickpea (Cicer arietinum) in Australia 
4.2.1 Introduction 
Chickpea (Cicer arietinum) is the third most important food legume. In Australia, the area of the 
chickpea crop has increased substantially; in 2003 the total area grown was 217 000 ha, including 
niche growth of large seeded types in northern Australia (Abbo et al. 2003). In August 2004, a number 
of crops of kabuli chickpeas grown under irrigation in the Ord River tropical agricultural region of 
Kununurra in the north of Western Australia were surveyed for plant pathogens. 
4.2.2 Results 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 4.3 Field symptoms of phytoplasma-infected chickpea plant showing leaf deformation, ‘little leaf’, leaf 
and stem discolouration, stunting and dwarfism. 
 
Chickpea plants with symptoms including leaf deformation, ‘little leaf’, leaf and stem discoloration, 
stunting and dwarfism, (Fig 4.3) were found at several locations. DNA was extracted from 
asymptomatic and two affected chickpea plants with symptoms by the ‘hot CTAB’ method 
(Dellaporta  et al. 1983; Zhang et al. 1998). The universal primer pairs R16mF2/R16mR1 and 
R16F2n/R16FR2 were used to amplify potential phytoplasma amplicons by nested PCR (Gundersen 
and Lee 1996). A positive control containing DNA from ‘Ca Phytoplasma australiense’ and a template 
minus negative control were also included. A PCR product of ~1.2  kb was amplified from 
symptomatic plants, indicating the presence of a phytoplasma. The amplified sequences were purified 
using the UltraClean PCR Clean-up Kit (GeneWorks) and sequenced using BigDye Version 3.1 dye 
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was compared with that of known phytoplasma 16S rRNA genes in GenBank and was 98% similar to 
members of the 16SrII Peanut Witches’ Broom group, ‘Ca. Phytoplasma aurantifolia’ (IRPCM 
Phytoplasma Taxonomy Group 2004) including phytoplasmas associated with papaya mosaic disease, 
papaya yellows crinkle disease, sweet potato little leaf and alfalfa witches’ broom (GenBank accession 
numbers Y10097, Y10096, AJ289193 and AY169323, respectively). The sequence from chickpea has 
been deposited in GenBank (accession no. AY858053). 
4.2.3 Discussion 
There is one anecdotal report that relates the presence of similar symptoms in chickpea in Ethiopia, 
India and Myanmar (Ghanekar et al. 1988). To our knowledge, this is the first report of a 
phytoplasma-associated disease of chickpea in Australia and the first reliable molecular identification 
of a phytoplasma in chickpea. The climate and conditions of the Kununurra region are unusual for 
growth of chickpeas, since the region is semi-tropical and the chickpea crops are grown in irrigated 
beds. The incidence of infection with phytoplasma was quite common (although the percentage of 
infection was not determined). The occurrence of this phytoplasma may be a reflection of the unusual 
agricultural conditions for growing chickpeas. Potential insect vectors (e.g. leaf hoppers) were present 
in large numbers in other cultivated crops (e.g. Lycopersicon esculentum and Vigna unguiculata var. 
sesquipedalis – snakebean) and some weed species (e.g. Cape-gooseberry) exhibited symptoms of 
phytoplasma infection. The presence of a phytoplasma disease in chickpea presents a new threat to the 
chickpea industry in the Kununurra region and further work is required to determine the extent of 
losses caused by this pathogen. 
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4.3 ‘Candidatus Phytoplasma australiense’ is associated with diseases of red clover and paddy 
melon in south-west Australia  
4.3.1 Introduction 
In September 2004, symptoms of diminished leaf size, pallor, rugosity, leaf deformation, shoot 
proliferation and severe stunting were observed in plants of red clover (Trifolium pratense) within 
plots containing otherwise vigorously growing plants (Fig 4.4). These plots were at the Medina 
Research Station just south of Perth and belonged to a program selecting perennial pasture species 
suited to south-west Australian conditions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 4.4 Phytoplasma affected plants in the field. (a) Symptomatic red clover plant, left foreground, with 
three much larger asymptomatic red clover plants. (b) Paddy melon plant showing diminished leaf size, 
leaf chlorosis, proliferation of shoots and stunted growth habit. 
 
4.3.2 Results and Discussion 
The possibility that the disease causing these symptoms was of viral origin was investigated first. 
Symptomatic red clover leaf samples were tested by enzyme-linked immunosorbent assay (ELISA) or 
tissue blot immunosorbent assay (TBIA) at DAFWA as described by Coutts and Jones (2000) using 
antibodies to the following viruses previously found infecting pasture legumes in the region: Alfalfa 
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family  Potyviridae),  Cucumber mosaic virus (genus Cucumovirus, family Bromoviridae),  Beet 
western yellows virus (genus Polerovirus, family Luteoviridae) and Subterranean clover mottle virus 
(genus  Sobemovirus, family unassigned); with antibodies to Tomato spotted wilt virus (genus 
Tospovirus, family Bunyaviridae); and with a generic antibody to members of the Luteoviridae. The 
results were all negative. Samples were then sent to Dr Safaa Kumari at ICARDA, Syria who used 
TBIA to test them with antibodies to the following additional viruses: Broad bean wilt virus (genus 
Fabavirus, family Comoviridae),  Chickpea chlorotic dwarf virus (genus Mastrevirus, family 
Geminiviridae), Faba bean necrotic yellows virus and Subterranean clover stunt virus (both genus 
Nanovirus, family Nanoviridae). These tests were again negative. Also, sap inoculation tests using leaf 
extracts from symptomatic red clover plants failed to cause any infection in a range of standard plant 
virus indicator hosts. All serological tests were conducted and supervised by Dr Roger Jones at 
DAFWA. 
In May 2005, the site was revisited and symptomatic plants were again found in red clover plots. 
Similar symptoms were also observed in plots of other species of pasture legumes, including alsike 
clover (Trifolium hybridum),  Glycine canescens,  Lablab purpureus and Lotononis bainseii. In 
addition, some plants of the common cucurbitaceous weed paddy melon (Cucumis myriocarpus) 
(McKenzie et al. 1988) were found with symptoms of reduced leaf size, pallor, leaf deformation and 
proliferation of shoots (Fig 4.4). Plants of all these species with symptoms were dug up, potted, 
maintained in a glasshouse at 20°C and kept as a source of tissue samples for further tests. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 4.5 1 % agarose gel showing PCR products amplified from sample tissues. M: 1 kb DNA marker; lane 
1: healthy red clover sample; lanes 2–6: red clover samples collected from different diseased plants; lane 
7: sample from diseased paddy melon. 
 
The possibility that the symptoms observed in perennial pasture legume species and paddy melon at 
the Medina site might be caused by a phytoplasma rather than a virus was then investigated. Total 
DNA was extracted from symptomatic and asymptomatic control plants of red clover, paddy melon CHAPTER 4: SURVEY FOR PLANT DISEASES IN WESTERN AUSTRALIA 
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and the other perennial pasture legumes by the hot CTAB method with minor modifications section 
3.6 (Dellaporta et al. 1983; Zhang et al. 1998). Primers P1 (Deng and Hiruki 1991) and P7 (Schneider 
et al. 1995a) (Table 3.7) were used to amplify the 1.8-kb PCR product of the 16S rRNA gene from the 
genomic DNA, followed by nested primers R16mF2 and R16mR1 (Table3 .7) (Gundersen and Lee 
1996; Schneider et al. 1995b) to amplify about 1200-bp PCR products from the initial 16S rRNA 
amplified PCR product. Amplified fragments were analysed by gel electrophoresis (Fig 4.5). All 
symptomatic samples gave amplified bands. The amplified PCR products from red clover and paddy 
melon were purified using a Clean-up Kit (GeneWorks), ethanol-precipitated and the pellets re-
suspended in TE buffer. The 1200-bp products amplified by the nested primers were sequenced 
directly using primer R16mF2, Big Dye Terminators (Perkin-Elmer, Foster City, CA, USA) and an 
Applied Biosystems 3730 sequencer. PCR and sequencing was done twice. These sequences were 
analysed using the computer program Seq Ed 1.0.3and then compared with those of known 
phytoplasma origin in the GenBank database. These sequences from red clover and paddy melon 
(GenBank references DQ269471 and DQ310885, respectively) shared 100% homology with each 
other and 99% homology with two phytoplasmas associated with either dieback or yellow crinkle and 
mosaic diseases of papaya (GenBank references Y10096 and Y10097; White et al. 1998) and also 
with alfalfa witches-broom phytoplasma reported from Oman (GenBank reference AY169323). These 
sequencing results confirmed the presence of the ‘Ca Phytoplasma australiense’ in the diseased red 
clover and paddy melon samples. 
The plots with symptomatic plants had been growing for 2 or more years and many plants were still 
asymptomatic. The disease was, therefore, spreading slowly. The symptoms were severe in affected 
plants and so symptomatic plants should be rogued out to diminish infection sources for spread to 
nearby plants or plots. Further research is needed to identify the insect vector and establish which 
additional alternative hosts are important as reservoirs of infection other than paddy melon. Further 
research is also needed to establish the causal agents of the many other phytoplasma-like diseases that 
occur in south-west Australia (McLean and Price 1984). 
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4.4 Identification of sweet potato little leaf phytoplasma associated with Vigna unguiculata var. 
sesquipedalis and Lycopersicon esculentum  
4.4.1 Introduction 
In a survey of plant pathogens in crop plants in north-western Australia in July 2005, Vigna 
unguiculata var. sesquipedalis (snakebean) and Lycopersicon esculentum (tomato) plants with 
phytoplasma-like symptoms were found at properties near Broome in Western Australia. The most 
widespread phytoplasma of crop plants in northern Australia is tomato big bud (TBB) phytoplasma 
(Davis et al. 1997). In isolated agricultural areas, such as in the vicinity of Broome, phytoplasma 
infections in crops probably originate in native vegetation (Hutton and Grylls 1956), but could also be 
introduced in diseased plant material. 
The method widely used for the classification and differentiation of phytoplasmas is analysis of 16S 
rRNA gene sequences (Seemuller et al. 1994). Restriction analysis and DNA sequencing of the 16S 
rRNA gene can be used to differentiate between TBB phytoplasma and other phytoplasmas such as 
sweet potato little leaf strain V4 (SPLL-V4) phytoplasma (Padovan et al. 2000a). SPLL phytoplasma 
was first detected in Australia in Ipomoea batatas (Convolvulaceae) in the Northern Territory (Gibb et 
al. 1995). Phytoplasma infections, such as TBB phytoplasma in Emilia sonchifolia and SPLL 
phytoplasma in Cucurbita maxima (Japanese pumpkin), have been reported in the Broome agricultural 
area (Schneider et al. 1999). This work extends the host range of SPLL phytoplasma in Australia to 
include snakebean and tomato. 
4.4.2 Materials and Methods 
Leaf and stem samples of plants of snakebean and tomato showing symptoms including ‘witches’ 
broom’, ‘little leaf’, ‘big bud’ and phyllody were collected from different locations in Broome and 
Kununurra. The samples were stored at 4°C before grafting or further processing. Symptomatic parts 
of snakebean and tomato were side-and tip-grafted onto V. unguiculata var. unguiculata (cowpea) (Fig 
4.6 b, c) and tomato (cv. Grosse Lisse) (Fig 4.6 f, g) plants, respectively and maintained in an air-
conditioned glasshouse at 20–24°C. 
4.4.3 Results 
The symptomatic plants collected in Broome were snakebean and tomato and the occurrence of the 
symptoms was widespread. The symptoms of infection of the phytoplasmas in the field and after 
grafting onto cowpea and tomato in the glasshouse are shown in (Fig 4.6). The field and glasshouse 
symptoms were similar. In both cowpea and tomato, there were different morphologies. For cowpea, 
these were multiple stem branching (witches’ broom) and a 
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Fig 4.6 Field and glasshouse symptoms of phytoplasma infected plants. (a) Infected snakebean in the field. 
(b) Symptomatic snakebean stem tissue grafted on cowpea in the glasshouse. (c) Transmission of 
symptoms from snakebean by tip-grafting to cowpea (left) with healthy control cowpea plant (right). (d) 
Tomato plant in the field showing witches’ broom and little leaf symptoms. (e) Infected tomato in field 
showing symptoms of big bud and phyllody. (f) Tomato plant (cv. Grosse Lisse) in the glasshouse showing 
witches’ broom and little leaf symptoms after grafting with affected tomato plants from the field. (g) 
Tomato cv. Grosse Lisse plant in glasshouse grafted with infected tissues showing big bud and phyllody-
like symptoms (left) and healthy tomato (right). 
 
proliferation of small leaves (little leaf) and for tomato, the symptoms were larger buds (big bud), with 
hardened stems, phyllody, purple stem and bud colouration and witches’ broom. 
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Fig 4.7 1 % agarose gel of PCR products amplified from symptomatic plants showing diagnostic bands of 
1.8 kb. M: 1 kb DNA size marker (Fermentas); lane 1: affected leaf of snakebean; lane 2: tissue from 
cowpea grafted with symptomatic snakebean; lanes 3–5: tissue from tomato grafted with symptomatic 
field tomato; lanes 6–7: negative controls of healthy cowpea and tomato, respectively. 
 
PCR products of the expected size (1800 bp) were amplified using P1 and P7 primers from all field 
and grafted samples and from control TBB phytoplasma DNA (Fig 4.7). The 16S rRNA gene 
sequences of the amplified region (excluding the spacer region) were compared with each other and 
with other sequences in GenBank. Those from infected snakebean and tomato all showed 100% 
similarity with each other, 99% similarity with the 16S rRNA gene of SPLL strain V4 (SPLL-V4) 
phytoplasma (AJ289193) isolated from Catharanthus roseus and 98% similarity with that of TBB 
phytoplasma (Y08173). These data indicate that the agent associated with symptoms including 
witches’ broom, little leaf, big bud and phyllody from both cowpea and tomato is most closely related 
to the SPLL-V4 phytoplasma.  
4.4.4 Discussion 
In previous surveys in northern Australia, TBB phytoplasma was found to be relatively widespread 
and has been reported to infect both tomato and legumes including cowpea, V. luteola and V. trilobata 
(Davis  et al. 1997). An unknown phytoplasma has also been reported in V. unguiculata var. 
diakinditata in Queensland (Davis et al. 1997) and vigna little leaf phytoplasma is associated with 
little leaf symptoms in V. lanceolata in the Northern Territory (Schneider et al. 1999). In this work, it 
was initially expected that the symptoms found would also be associated with TBB phytoplasma, but 
the sequencing results indicate that the phytoplasma associated with the symptomatic plants is more CHAPTER 4: SURVEY FOR PLANT DISEASES IN WESTERN AUSTRALIA 
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likely to be a strain of SPLL-V4 phytoplasma. Some minor differences between sequences might also 
be associated with incorporation errors occurring during PCR. Although there was some variation in 
disease symptoms between different affected plants and some differences in symptoms were noted 
between side- and tip-grafted plants, the PCR and sequencing results provided no evidence for mixed 
infections of phytoplasmas. The differences in symptoms are probably related to slightly different 
responses to infection by different genotypes of host plant (Padovan et al. 2000b). There could also be 
sequence differences in genes other than the 16S rRNA gene that might reflect variation in the 
pathogen related to differing symptoms (Streten and Gibb 2003). 
In the previous sections phytoplasma-associated diseases of crops newly introduced into Australia has 
been provided, such as the incidence of phytoplasma in Paulownia plantations in the south-west of 
Western Australia (4.1, Bayliss et al. 2005), or in new hosts such as chickpea in Kununurra (4.2, Saqib 
et al. 2005), sweetpotato (Ipomoea batatas) in Broome (Tairo et al. 2006), red clover (Trifolium 
pratense) and paddy melon (Cucumis myriocarpus) in south-western Australia (4.3, Saqib et al. 2006) 
and capsicum and celery in Queensland (Tran-Nguyen et al. 2003). SPLL-V4 phytoplasma infections 
of snakebean and tomato have not been reported before in the Broome area, or in snakebean as a host. 
The increased recognition of phytoplasma infection of crop plants, particularly in north-western 
Australia, suggests that there is a need for further study of the economic and ecological effects of 
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4.5 Detection of phytoplasma in Allocasuarina fraseriana and Acacia saligna in Kings Park 
4.5.1 Introduction 
A. fraseriana (Western Sheoak or Casuarina) is native to WA and grows in the region between Perth 
and Albany. A. saligna (Orange wattle, Common wattle) is also native to the southwest region of WA. 
Many of the casuarina and acacia trees in Kings Park and Botanic Gardens showed symptoms of 
witches’ broom, stunted growth, dying back of branches and small leaves. Confirmation of the 
presence of phytoplasma disease associated with these trees in WA is lacking although a phytoplasma-
associated disease was reported in Allocasuarina muelleriana in South Australia (Gibb et al. 2003). 
Phytoplasma in plants can be identified using the polymerase chain reaction (PCR) by amplification of 
the 16S rRNA genes with RFLP analysis of the product to differentiate ‘clades’, and nested PCR can 
be used to increase the sensitivity of the assay (Streten and Gibb 2006). The differences in sequences 
of 16S rRNA genes helps to differentiate members of the phytoplasma clade into at least 15 groups 
(Lee and Gunderson-Rindal 2000). Nested PCR and subsequent DNA sequence analysis has been used 
to confirm the presence of phytoplasma disease in symptomatic casuarina and acacia trees in Kings 
Park and Botanic Garden, Perth. 
4.5.2 Methods 
Leaf and root samples were collected in Kings Park and Botanic Garden from both symptomatic and 
asymptomatic trees of A. saligna and A. fraseriana in September 2006 with further samples collected 
in July 2007. Because uninfected control plants could not be found in Kings Park, further leaf and root 
samples of the two species were collected from the Banksia Reserve, Murdoch University, South 
Street campus in August 2007. The affected plants were selected based on the presence of symptoms 
such as witches’ broom, stunted growth, little leaf and controls samples were collected that had no 
visible symptoms. Root and leaf samples from two symptomatic A. saligna trees and four symptomatic 
A. fraseriana trees from Kings Park were analysed. The A. fraseriana and A. saligna trees with severe 
witches’ broom structures had roots that appeared to be growing normally. Similarly root and leaf 
samples from two asymptomatic trees each of A. saligna and A. fraseriana were collected from Kings 
Park and Banksia Reserve at Murdoch University as negative controls. All root samples were washed 
twice with deionised water to remove adhering soil and debris, followed by rinsing with 100% ethanol 
then 70% ethanol. The samples were stored overnight at 4°C in plastic bags before DNA extraction.  
 
The hot cetyltrimethylammonium bromide (CTAB) method was used to extract DNA from 1g of the 
leaf and root tissue samples separately (Dellaporta et al. 1983; Zhang et al. 1998). The first round of 
PCR was done using primers P1 and P7 followed by a second round using internal primers R16mR1 
and R16mF2 (Deng and Hiruki 1991). The PCR conditions were as described in Saqib et al. 2006b. 
The nested PCR products (~1400bp) were then analysed by electrophoresis on a 1% agarose gel. A CHAPTER 4: SURVEY FOR PLANT DISEASES IN WESTERN AUSTRALIA 
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previously cloned 16S rRNA gene of Sweet Potato Little Leaf (SPLL) phytoplasma isolated from 
snakebean GenBank (accession no DQ375777) was used as a PCR positive control (Saqib et al. 
2006b).  
4.5.3 Results 
The ~1400bp PCR product was sequenced directly from both ends using Big Dye Terminator 3.1 
(Perkin-Elmer, Foster City, CA), with an Applied Biosystems 3730 DNA capillary sequencer. The 
nested PCR products were sequenced using 3.2 picomole of primer R16mR1 and R16mF2. Two 
different PCR products from each sample of leaves and roots were sequenced to check for the 
possibility of mixed infection with different phytoplasmas and to prevent errors in editing. The 16S 
rRNA gene sequences were analysed using BioEdit™ version 7.0.5.3 software.  
The symptoms of disease-affected A. fraseriana and A. saligna trees were consistent wherever they 
occurred in Kings Park. The majority of symptomatic trees appeared to be dying or were already dead. 
The most common symptoms observed were witches’ broom, stunted growth, little leaf and dying 
back of the branches (Fig 4.8 and 4.9). Nested PCR analysis of the A. fraseriana and A. saligna 
samples confirmed the presence of phytoplasma. The phytoplasma infections were identified in all 
symptomatic leaf and some root samples (Fig 4.10). One root sample from symptomatic A. saligna 
and three root samples from symptomatic A. fraseriana were negative for phytoplasma infection 
whilst leaf samples from the same plants were positive for phytoplasma disease. All of the samples 
from asymptomatic plants of both species collected specifically as negative controls in Kings Park 
were also found to contain phytoplasmas (Fig 4.11). PCR controls and absence of diagnostic bands in 
source samples showed that this was not a result of experimental contamination. As a result of this 
observation asymptomatic samples of A. fraseriana and A. saligna from Murdoch University were 
also analysed. In this case clear negative controls were obtained of both species, except in one root 
sample from A. fraseriana (Fig 4.12). 
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Fig 4.8 Diseased A. fraseriana tree in Kings Park (September, 2006). Many leaves and branches were dead 
or dying, but the bunchy growths with little leaves and multiple stunted shoots are clearly visible. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 4.9 Diseased Acacia saligna tree in Kings Park with phytoplasma-like symptoms. The symptoms 
included little leaf, stunted bushy growth, and witches’ broom (September, 2006). 
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Fig 4.10 1% agarose gel showing PCR products amplified from sample tissues collected from Kings Park 
and Botanic Garden. M = 100bp ladder (Promega). L = Leaf tissue. R = Root tissue. Lanes 1-4, A. saligna: 
Lanes 5-12, A. fraseriana: Lane 13, PCR positive control (SPLL): Lane 14, PCR negative control. 
 
 
 
 
 
 
 
 
 
Fig 4.11 1% agarose gel showing PCR products amplified from asymptomatic sample tissues collected 
from Kings Park and Botanic Garden. M = 100bp ladder (Promega). L = Leaf tissue. R = Root tissue. 
Lanes 1-4, A. saligna: Lanes 5-8, A. fraseriana: Lane 9, PCR negative control. 
 
 
 
 
 
 
 
 
 
Fig 4.12 1% agarose gel showing PCR products amplified from asymptomatic tree samples collected from 
the Banksia Reserve, Murdoch University.  M = 1Kb ladder (Promega). L = Leaf tissue. R = Root tissue. 
Lanes 1-4, A. fraseriana: Lanes 5-8, A. saligna: Lane 9, PCR positive control: Lane 10, PCR negative 
control. 
 
The 1400 bp regions between primers R16mR1 and R16mF2 (corresponding to the16S rRNA gene) 
from both A. fraseriana and A. saligna plants were sequenced. Sequences from A. fraseriana and A. 
saligna root and leaf samples were 100% homologous. Partial sequence data from symptomatic and 
asymptomatic A. fraseriana roots and leaves were reported as one sequence and 1368 bases were 
submitted in GenBank (accession no EF474451). Similarly partial sequences from A. saligna were 
compared and combined as one sequence and 1362 bases were submitted to GenBank (accession no 
    M   1      2    3    4    5     6     7    8     9   10   11  12   13   14
1500b
     M      1     2      3      4    5     6      7     8      9 1500b
 M     1    2      3      4       5     6       7       8      9
    L      R         L       R       L      R        L       R       L       R       L       R      +ve   -ve 
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EF474452). Partial sequence data of 1353 bases from asymptomatic A. fraseriana roots from the 
Banksia Reserve, Murdoch University were also submitted in GenBank (accession no EU095022). A 
BLASTN search of the NCBI (databasehttp://www.ncbi.nlm.nih.gov/BLAST/Blast) was carried out to 
identify homology with other phytoplasma sequences. The sequences from A. fraseriana and A. 
saligna were 100% homologous to the 16S rRNA gene of Sweet Potato Little Leaf (SPLL) GenBank 
(accession no AJ289193) belonging to Ca Phytoplasma aurantifolia (16Sr II, strain V4). 
4.5.4 Discussion 
Many individuals of A. fraseriana and  A. saligna in King’s Park and Botanic Garden appeared 
unhealthy and exhibited symptoms of witches’ broom. These two tree species are prominent in the 
park and their disfigurement detracts from its aesthetic value. This study was undertaken to seek to 
identify if phytoplasma disease was an underlying cause of these symptoms. The results of analysis of 
rRNA genes from DNA extracted from affected tree samples showed the presence of phytoplasmas in 
all symptomatic trees sampled. Furthermore, the asymptomatic plants collected specifically as 
negative controls also tested positive either in leaf or root samples or in both. This suggests that the 
majority of these species of trees in Kings Park are affected with phytoplasma. To obtain clear 
negative control results, it was necessary to analyse additional asymptomatic samples from a separate 
site (Murdoch University campus), and even at this site one plant of A. fraseriana showed presence of 
phytoplasma. Based on the sequences of the amplified DNA the phytoplasma present was identified as 
identical to that of Sweet Potato Little Leaf which belongs to Ca Phytoplasma aurantifolia (16Sr II). 
To our knowledge this is the first report of phytoplasma affecting casuarina and acacia trees in WA. 
It is possible that other trees and shrubs that display similar symptoms may also be affected by 
phytoplasmas. It is also possible that other factors, such as lowering of the water table or infection 
with other pathogens could contribute to the diseased state of the trees in Kings Park. Although 
phytoplasma-associated disease has been identified in various plant hosts in WA (Bayliss et al. 2005; 
Saqib et al. 2006b; Tairo et al. 2006) there is very little information on the extent of phytoplasma 
infection on other native species or insect vectors and the mode of transmission of phytoplasmas. The 
insects which have been shown to be vectors of phytoplasma-associated disease (Pilkington et al. 
2004) and which are also present in WA include leafhoppers (Membracoidea), plant hoppers 
(Fulgoroidea) and psyllids (Psylloidea).  
There are a number of reports of phytoplasma disease in WA in a range of cultivated and native plants 
(Doepel 1964; Goss 1964; Padovan et al. 2000; Saqib et al. 2005, 2006a), and it is likely that native 
plants act as reservoirs of phytoplasmas, from which infection of commercial plants can originate 
(Saqib et al. 2005; Bayliss et al. 2005). Plants that appear to be affected by phytoplasma can be found 
readily in most regions of WA including the Kimberley (Saqib et al. 2005), the Southwest (Bayliss et 
al. 2005; Saqib et al. 2006a) and Gascoyne region (Saqib et al. unpublished). The occurrence of 
phytoplasma disease in WA remains largely unmonitored and in general this disease has been ignored, 
so that there is little effort specifically to prevent spread of phytoplasma disease either to native 
bushland or to crop plants from native reservoirs. This is a subject which requires further research, CHAPTER 4: SURVEY FOR PLANT DISEASES IN WESTERN AUSTRALIA 
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particularly on vectors and the mode of transmission, understanding the host-pathogen interaction and 
additional factors that contribute to the disease state. 
Kings Park is culturally significant to Perth, as well as being a valuable source of tourism revenue to 
the state. To preserve its attractiveness and minimise damage to trees associated with phytoplasma 
disease, management action such as control of insect vectors and removal of affected trees could be 
taken to prevent further spread.  CHAPTER 4: SURVEY FOR PLANT DISEASES IN WESTERN AUSTRALIA 
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4.6 A Carrot plant with phytoplasma-like symptoms associated with an unculturable bacterium 
4.6.1 Introduction 
A carrot plant showing spectacular phytoplasma-like foliage symptoms consisting of pallor, bunching 
of spindly axillary shoots and stunting was tested for presence of phytoplasma.  
4.6.2 Materials and methods 
The carrot plant with phytoplasma-associated symptoms was found in a commercial crop south of 
Perth and sent to DAFWA for identification. This plant was provided to us for analysis of the presence 
of phytoplasma. The symptoms included bunchy leaf growth, purplish leaf top, little leaf, stunting hard 
long stem and stunted hairless roots (Fig 4.13).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 4.13 Carrot plant with phytoplasma-like symptoms. The symptoms were bunchy leaf growth, purplish 
leaf top, little leaf, stunting hard long stem and stunted hairless roots. 
 
Total DNA was extracted from leaf, stem and root of the carrot plants by the ‘hot CTAB’ method 
section 3.6 (Dellaporta et al. 1983; Zhang et al. 1998). The carrot root was washed with water and 
70% ethanol and dried. The root cortex was removed with a sterile blade and the root xylem phloem, CHAPTER 4: SURVEY FOR PLANT DISEASES IN WESTERN AUSTRALIA 
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pericycle and part of endodermis was used for DNA extraction.  
4.6.3 Results 
 Primers P1 (Deng and Hiruki 1991) and P7 (Schneider et al. 1995a) (Table 3.7) were used to amplify 
the 1.8-kb PCR product of the 16S rRNA gene from the genomic DNA of carrot leaf shoot and root, 
followed by nested primers R16mF2 and R16mR1 (Gundersen and Lee 1996; Schneider et al. 1995b) 
to amplify about 1200-bp PCR products from the initial 16S rRNA amplified PCR product. Amplified 
fragments were analysed by gel electrophoresis (Fig 4.14).  
 
 
 
 
 
 
 
Fig 4.14 Amplification of the Diagnostic band using universal primers P1 and P7. Lane 1 and 8; 1Kb 
ladder (Promega), Lane 2: carrot root, Lane 3: carrot shoot, Lane 4-5: No amplification detected in the 
infected carrot leaf sample. Lane 6: +ve control (cloned sweet potato fragment) Lane 7 –ve control. 
 
A series of PCR reactions were carried out on DNA from the leaves of this plant using different 
concentration of DNA, but no PCR amplification was detected.  However, a PCR product of 1.8 kb 
(Fig 4.14) was amplified from tissues of both the root and shoot (stem) of the carrot plant.  Nested 
primer pairs generated a product of 1200bp fragment which was cloned using PCR 2.1 (Invitrogen) 
and sequenced using BigDye Version 3.1 dye terminator technology with an Applied Biosystems 3730 
capillary sequencer. The sequence of 1000bp obtained was submitted in Genbank (Accession no 
DQ321672). A blast search of this 1000 bp sequence was compared with other sequences on the 
database and a 100% sequence match obtained was the sequence of an unculturable bacterium from 
bread crumb sponge (Halichondria panacea) AY948361 (Wichels et al. 2006).  The sequence 
obtained for the rRNA gene for this phytoplasma in carrot is very different from those found in other 
phytoplasmas in WA.  
4.6.4 Discussion 
The sequence obtained from the affected carrot is identical to that reported for an unculturable 
bacterium in a sponge, but the significance of this finding is not clear.  Although not of common 
occurrence, the phytoplasma-like symptoms in carrot occur sporadically in carrot crops in WA: the 
most likely source of the causal agent is native vegetation and it probably represents a new endemic 
phytoplasma disease. 
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4.7 First report of Bean common mosaic potyvirus in Western Australia. 
4.7.1 Introduction 
Bean common mosaic virus (BCMV; Family Potyviridae, genus Potyvirus) infects Phaseolus vulgaris 
crops in many regions of the world and reduces crop yield and quality. It is transmitted in a non-
persistent manner by aphids and is also readily seed-transmitted (Hongying et al. 2002). Based on 
serology and amino acid composition BCMV has been identified in New South Wales, Queensland, 
Tasmania and Victoria, (Moghal and Francki, 1976; 1981), but there is no further information and no 
confirmation or any sequence data for BCMV from Australia. It has not been reported in the Northern 
Territory, South Australia or Western Australia. 
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Fig 4.15 (a) BCMV field infected ‘Barlotti’ bean (P. vulgaris), Kununurra. (b) BCMV infected P. vulgaris 
plant in glasshouse, showing severe mosaic symptoms, leaf malformation and down curling and reduction 
in leaf size. 
 4.7.2 Plant Materials 
In July 2004, at Kununurra in the east Kimberly region of Western Australia, P. vulgaris plants with 
mottle and leaf deformation, severe mosaic, malformation of leaves and pods, downward curling of 
leaves and reduction in leaf size were observed in the field (Fig 4.15a).  
4.7.3 Results and Discussion 
Extracts of symptomatic leaf samples tested positive with a generic potyvirus monoclonal antibody by 
ELISA and infected Chenopodium quionoa,  C. amaranticolor and Nicotiana benthamiana when 
manually inoculated. For molecular identification, total RNA was isolated from symptomatic leaf 
tissues using an RNeasy Plant Mini Kit (Qiagen) section 3.7. The RNA samples were tested using RT-
PCR and generic potyvirus specific primers that amplify a 1700 bp fragment from the 3’ end of the 
genome [5’GTTTTCCCAGTCACGA C(T)15; 5’GGNAAYAAYAGYGGNCARCC] (Chen et al. 
2001) Table 3.7. A portion of the PCR product (482 bp) was sequenced at the 3’ end (Acc. No. 
AY850005) and the data compared against other BCMV sequences in GenBank. The isolate shared 
97% nucleotide identity with the ‘NL1’ and ‘Type’ strains of BCMV (Acc. Nos AY112735 and 
U55319). This sequence result provides the first reliable confirmation of the presence of BCMV in 
Australia and is the first report of its occurrence in Western Australia. 
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4.8 Presence of TYLCV in Western Australia? 
A quarantine sample of a tomato plant infected with whiteflies Bemisia tabaci (Australian biotype) 
was obtained from Carnarvon WA through DAFWA in June 2005. This sample was tested with a 
geminivirus specific primer (Table 3.7) and results were positive for the presence of Tomato yellow 
leaf curl virus (TYLCV). Further sequence analysis indicated that this TYLCV is very similar to the 
one found in Almeria Spain (Navas-Castillo et al. 2000). This strain is the most devastating strain of 
TYLCV and has caused major yield losses to the tomato industry worldwide. We therefore visited the 
Carnarvon region in Aug 2006 and sampled many tomato plants with special emphasis on TYLCV. 
However the climatic conditions during this sampling season were not as conducive for whitefly 
proliferation. Also more effective management practices to control the whitefly population have been 
introduced in Carnarvon. The samples tested were negative for TYLCV but it may be a matter of time 
before TYLCV presence can be confirmed in Western Australia. Recently there has been an outbreak 
of exotic strain TYLCV in several vegetable production areas of Queensland. TYLCV now appears to 
be widespread in South-East Queensland and in the Bundaberg region (Geering et al. 2006). 
4.9 Discussion 
The surveying work was undertaken in most cases whilst the Medicago truncatula plants were 
growing for virus challenge (Chapter 5 and 6). Although it was not initially a major aim of the 
research for this thesis, during the surveys the obvious and widespread distribution of phytoplasma-
associated disease in WA became apparent. Phytoplasma disease had essentially been ignored 
previously, so more attention was given to this group of pathogens.  
This research has highlighted that the reported incidence and extent of plants with phytoplasma 
disease appears to be increasing. For example the survey in the Gascoyne region of WA identified two 
new hosts of phytoplasma in that region, eggplant and papaya.  
4.9.1 Basis of Phytoplasma Symptom 
It has generally been assumed that some of the symptoms of host response to phytoplasmas involves 
changes in plant hormones. Changes in concentrations of various endogenous phytohormones can 
induce such symptoms in affected plants. It is not known if phytoplasmas contain genes encoding 
phytohormones, or whether hormonal imbalance might be from secondary responses in affected plants 
as a result of phytoplasma infection. The proliferation of axillary shoots and the development of 
normal floral parts into green leafy structures (phyllody) is a common host response to infection by 
phytoplasmas. Altered ratios of hormones in infected plants could well cause symptoms such as 
virescence or phyllody (Chang and Lee 1995). Differential cDNA display techniques have been used 
to identify unique mRNA species expressed in plants affected with phytoplasmas (Lee et al. 1998; 
Jagoueix et al. 1994). The same kind of evidence suggests that differential gene (including protein 
kinase gene) expression may be responsible for the induction of virescence and phyllody in plants 
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The mechanism of flower induction has been pursued in studies by plant physiologists and 
horticulturists for many years (Meyerowitz 1994; Okamuro 1993). Mutants of A. thaliana deficient in 
genes for normal development of floral structures have been generated and used to facilitate such 
studies. Study of altered floral development caused by phytoplasmas may yield additional 
understanding of the mechanism of normal flower induction. In Arabidopsis mutant lines with low 
DNA methylation or mutations in the microRNA pathway are abnormal show typical phytoplasma-
like symptoms. Phytoplasma-associated plants might be a good model to study epigenetic regulation 
of the genes involves in structural and floral development of plants. Such understanding of epigenetic 
events could help us to understand mechanisms by which key genes are switched on or off during 
different stages of plant growth and development leading to strategies to control this pathogen. 
4.9.2 Phytoplasma Phylogeny 
Phylogenetic analyses based on conserved rRNA genes have revealed that mollicutes evolved from 
gram-positive bacteria having low G+C contents, similar to the Lactobacillus group (Woese, 1987). 
The reduction in genome size and the divergence of the genomic complexity of mollicutes probably 
resulted from the parasitic nature in which differential loss of genes has occurred during evolution. It 
appears that mollicutes, including phytoplasmas, may have lost genes for synthesis of macromolecule 
precursors such as cell-wall components, amino acids, vitamins and long-chain fatty acids (Razin et al. 
1998). Phytoplasma genome sizes range from 580 - 2,200 kb and contain ~ 671-800 open reading 
frames (ORFs). Phytoplasmas also contain smaller, circular DNA plasmids ranging in size from 3 to 6 
Kb, which have 22 ORFs. Aster yellows phytoplasmas have the largest genome (about 1,185 kbp) 
amongst the phytoplasmas, but these are still much smaller than the genome of culturable relatives 
(Acholeplasma spp.). Almost no information is available on Australian phytoplasma genome sequence 
and at present no one is working on genome sequencing of phytoplasma in Australia. Very few plant-
associated bacteria have completely sequenced. These includ OY strain 4 (Candidatus Phytoplasma 
asteris), line OY-M56 (Oshima et al. 2004), Agrobacterium  tumefaciens,  Mesorhizobium loti, 
Sinorhizobium meliloti, Xanthomonas campestris pv campestris, Xanthomonas axonopodis pv citri, 
Xylella fastidiosa, and Ralstonia solanacearum (Van Sluys et al. 2002; Ohima and Nishida 2007). 
Phylogenetic analyses based on conserved rRNA genes indicate that there are only two types of 
phytoplasma present in WA, 16SrXII and 16SrII.  
The results of the surveys identified the prevalent groups of phytoplasma distinguishable by the 
sequence of the 16S ribosomal RNA gene correlated with geographic location. 16SrII phytoplasma 
was exclusively found in the north west region of Western Australia, with the 16SrXII dominating the 
south west region. Phylogenetic analysis of 24 phytoplasmas (Table 4.1) and A. laidlawii yielded a 
consensus tree (Fig 4.16).  
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Table 4.1 GenBank accession numbers of phytoplasma 16S rRNA gene sequences used in this study. 
16S ribosomal RNA gene, partial sequence  Accession no  Reference 
Ethiopian papaya phytoplasma   DQ285659.1  Unpublished 
Ethiopian papaya phytoplasma   DQ285659.1  Unpublished 
Galinsoga parviflora phytoplasma   DQ286573.1  Unpublished 
Ethiopian Gliricidia little leaf phytoplasma   AF361018  Unpublished 
'Crotalaria pallida' witches'-broom phytoplasma   DQ663486.1  Unpublished 
Garden beet witches'-broom phytoplasma   DQ302722.1  Mirzaie et al.  2007 
Uncultured bacterium clone 3KBPG   EF474452.1  Saqib et al. 2007 
Uncultured bacterium clone 10KPBG   EF474451.1  Saqib et al. 2007 
Sweet potato little leaf phytoplasma   EF065556.1 Unpublished 
Uncultured bacterium isolate 5KPBG   EF059538.1  Saqib et al. 2007 
Unidentified mollicute isolate 222  DQ777761.2  Current work 
Sweet potato witches'-broom phytoplasma isolate 111  DQ777760.2  Current work 
Sweet potato witches'-broom phytoplasma  DQ777762.2  Current work 
Ca Phytoplasma aurantifolia isolate 19e5  DQ777763.1  Current work 
Red tassel witches'-broom phytoplasma  DQ665841.1  Current work 
Ca Phytoplasma australiense from C. myriocarpus DQ310885.1  Saqib  et al. 2006a 
Ca Phytoplasma australiense from T. pratense   DQ269471.1  Saqib et al. 2006a 
Sweet potato little leaf phytoplasma T AM180882  Tairo et el. 2006 
Sweet potato little leaf phytoplasma DQ375778.1  Saqib  et al. 2006b 
Sweet potato little leaf phytoplasma   DQ375777.1  Saqib et al.  2006b 
Candidatus Phytoplasma aurantifolia   AY858053.1  Saqib et al. 2005 
Uncultured bacterium clone Maano_carrot47  DQ321672.1  Current work 
Acholeplasma laidlawii  AY740437 Volokhov  et al. 2006 
Uncultured bacterium clone sponge_clone13  AY948361.1  Wichels et al. 2006 
Uncultured bacterium clone ARKCH2Br2-66   AF468240.1  Unpublished 
Uncultured bacterium clone ARKCH2Br2-13   AF468233.1  Unpublished 
 
 
The bootstrapping values strongly support most branches, indicating a tree whose branching order is in 
general agreement with previous findings. Strains representing subgroups 16SrIII, 16SrII, 16SrXII and 
a marine bacterium were included in the analysis. Strains from other phytoplasmas belonging to these 
groups were included for comparison to other strains. The uncultured marine bacterium may give rise 
to a new branch of plant pathogen, not seen in previous phylogenetic trees, indicating that this 
pathogen may represent a new phytoplasma lineage. 
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Fig 4.16 Phylogenetic tree constructed by the Neighbor-Joining method of 16S rRNA gene sequences from 
24 sequences and Acholeplasma laidlawii and A. laidlawii employed as outgroup. The numbers on the 
branches are bootstrap (confidence) values.  
 
4.9.3 Mixed Infection 
There is little information regarding the interaction of phytoplasmas with plant and insect vectors in 
Australia. It is also possibile that a host plant can contain more than one type of phytoplasma. If there 
are multiple infections in the host plant they could be transmitted by different vectors, or perhaps 
mixed phytoplasma infections occur in a single insect vector. The vectors for the phytoplasma diseases 
found in this research have not been identified and more work is needed to identify them. 
4.9.4 Overview of Phytoplasma infection in WA 
The new hosts of phytoplasma-associated disease found in this work were in papaya, mungbean, 
eggplant and tomato from the Carnarvon region, from the Broome region, sweetpotato (Tairo et al. 
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2006), from the Kununurra region snake bean, chickpea and sweet potato and from the Perth region, 
western sheoak, red clover, paddy melon and Paulownia associated disease. Although it remains to be 
confirmed, the conclusions are that the phytoplasma disease in introduced crop species probably 
originated in native species and that the disesases are transmitted by native insect vector(s). This 
conclusion is based partly on the incidence of phytoplasma disease in isolated agricultural areas (e.g. 
Broome, Kununurra, Carnarvon) and in the high incidence of phytoplasma disease in native plants 
such as acacia and casuarina.  
The following table (Table 4.2) provides the current information on hosts, location and groups of 
phytoplasma found so far in WA.  
Table 4.2 Phytoplasmas found in WA based on molecular analysis (2004 - 2006). 
Acc No 
Host Scientific 
Name 
Host Common 
Name 
Group Region  Status 
DQ665841  C. papaya papaya  16SrII  NW Unpublished 
DQ777763  V. mungo  mungbean 16SrII  NW  Unpublished 
DQ777762  S. melongena eggplant  16SrII  NW  Unpublished 
DQ777761  L. esculentum tomato  16SrII  NW  Unpublished 
DQ777760  L. esculentum tomato  16SrII  NW  Unpublished 
DQ375778  L. esculentum tomato  16SrII  NW  Saqib  et al. 2006b 
DQ375777  V. unguiculata snake  bean  16SrII  NW  Saqib  et al. 2006b 
AY858053  C. arietenum chickpea  16SrII  NW  Saqib  et al. 2005 
AM180882  I. batatas sweet  potato  16SrII  NW  Tairo  et al. 2006 
EF059538  A. frasariana  western sheoak  16SrXII  SW  Saqib et al. 2007 
EF474452  A. saligna  orange wattle  16SrXII  SW  Saqib et al. 2007 
DQ321672  D. carota  carrot unknown  SW  Unpublished 
DQ269471  T. pratense red  clover  16SrXII  SW  Saqib  et al. 2006a 
DQ310885  C. myriocarpus paddy  melon  16SrXII  SW  Saqib  et al. 2006a 
RFLP based  P. fortunei paulownia 16SrXII  SW  Bayliss  et al. 2005 
NW, North West, SW South West. 
 
Regarding possible control of phytoplasma-associated diseases, prevention of infection is a better 
strategy than treatment post-infection. Phytoplasma-associated diseases have been managed by 
planting clean (disease-free) stocks or disease-resistant varieties. Reduced disease could be achieved 
by control of insect vectors and by applying certain cultural practices to eliminate the sources of 
phytoplasmas. Amongst disease management strategies, breeding for disease-resistant cultivars is 
probably the best approach to control phytoplasma diseases. The introduction of resistance genes into 
new varieties by conventional breeding is time-consuming and it has been difficult to identify genes 
containing resistance in crop plants or their close relatives. It may be possible to use a transgenic 
approach, e.g. using RNAi technology to inhibit a virulent gene to confer resistance. Expression of 
engineered antibodies in plants has shown some promise in controlling a phytoplasma disease (Chen 
and Chen 1998). 
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enable complete genome sequencing which will make it possible to gain greater insight into the way 
phytoplasmas cause disease and in devising molecular strategies to control them.  
The surveys undertaken have given a number of clear conclusions for phytoplasma diseases in WA. 
The first is that phytoplasma-associated disease is much more widespread in WA than previously 
reported, the second is that there is widespread evidence that the native plants are frequently affected 
with phytoplasma disease and the third is that more information is needed on insect vectors of these 
phytoplasma.  
4.10 BCMV and TYLCV in Australia. 
The presence of BCMV has been reported in New South Wales, Queensland, Tasmania, Victoria; New 
Zealand (Moghal and Francki 1981) and the presence of BCMV infection has now been confirmed in 
WA (Saqib et al. 2005). BCMV was probably introduced into Australia during the last two centuries 
via imported seed, but it is not known when this may have occurred. The date when BCMV was 
introduced into Australia may be estimated by phylogenetic studies of the BCMV genome, by 
comparison of the extent of sequence variation in Australia compared to that of other BCMV isolates 
from around the world.  
 
Control of BCMV is difficult, as it is transmitted by seed and aphids. Seed certification and aphid 
control strategies are useful in controlling the virus. The I gene in Phaseolus vulgaris controls a 
dominant resistance response to ten different related potyviruses (Kylie et al. 1986). Detailed physical 
mapping of the I locus has established that it occurs in a large cluster of TIR-NBS-LRR sequences. 
Use of plant extracts to induce defence against viruses is an alternative proposition (Verma et al. 
1998). A recent report indicates that extracts of the plant Boerhaavia diffusa can be used to control 
BCMV infection of cowpea (Prasad et al. 2007). It would also be possible to screen M. truncatula 
accessions against BCMV to find sources of natural resistance. It is perhaps surprising that there has 
been no study to quantify the losses caused by BCMV of legume crops in Australia and such a study 
would be useful to determine its economic impact and strategies for control. 
 
TYLCV damage to tomato crops has been reported from the Middle and Far East, Africa, Europe, 
Caribbean Islands, central and south America, Japan, Mexico, Florida and Georgia in the United States 
of America (Moriones and Navas-Castillo 2000) and recently in Australia (Geering et al. 2006). 
Before TYLCV identification in Queensland, TLCV was the only monopartite begomovirus reported 
in Australia (Dry et al.1993). TYLCV has a wide host range which includes many common vegetables 
like capsicums (Capsicum annuum), chillies (C. chinense) and French beans (P. vulgaris), ornamental 
plants such as lisianthus (Eustoma grandiflorum), poinsettias and related plants (Euphorbia spp.), a 
number of weed species such as certain nightshades (Solanum  spp.), thornapples (Datura 
stramonium), tobacco (Nicotiana spp.) and mallow (Malva spp.) which can be infected but may not 
show symptoms. The current expansion of TYLCV infection of plants worldwide is the result of the 
spread of the B biotype of B. tabaci, which occurred during the late 1980s (Bedford et al. 1994). This CHAPTER 4: SURVEY FOR PLANT DISEASES IN WESTERN AUSTRALIA 
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biotype has a wider host range than other biotypes of B. tabaci and it has facilitated the spread of 
viruses to crops that originally infected only weed or endemic plant species and did not infect 
cultivated species (Rybicki and Pietersen 1999). Severe outbreaks of the B biotype of B. tabaci in 
tropical and subtropical regions over the past decade have been correlated with the emergence of new 
whitefly-transmitted geminiviruses in several crop species, among them TYLCV in tomato in Brazil 
(Moriones and Navas-Castillo 2000) with severe economic consequences and major tomato 
production had to move to cooler regions in Brazil. 
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CHAPTER 5: SCREENING THE MEDICAGO TRUNCATULA CORE 
COLLECTION AGAINST ALFALFA MOSAIC VIRUS, CUCUMBER 
MOSAIC VIRUS, BEAN YELLOW MOSAIC VIRUS AND 
SUBTERRANEAN CLOVER MOTTLE VIRUS 
 
 
5.1 Introduction to model legume and legume infecting viruses 
The Leguminosae comprises 650 genera and about 18,000 species that are predominenetly nitrogen 
fixing and are second only to grasses in agricultural importance. As indicated in Chapter 2, M. 
truncatula has been developed as a model genetic system because it has a small genome (466 Mb), is 
self-fertile, has a short life cycle and can be transformed (Bennett and Leitch 1995; Choi et al. 2004a; 
Kulikova et al. 2001). Comparative genomic studies have revealed broad conservation of genome 
macrostructure, particularly among the galegoid legumes (Choi et al. 2004c; Phan et al. 2007). 
National and international programs have been collaborating to characterize the genome of M. 
truncatula at the transcript (Fedorova et al. 2002), protein (Gallardo et al. 2003; Imin et al. 2005; 
Watson et al. 2003) and whole genome sequence levels (Young et al. 2005). 
5.2 Medicago truncatula and legume viruses 
Virus diseases can limit legume production (Bos et al. 1988; Edwardson and Christie 1991a). 
Selection of natural resistance genes is the simplest approach to control virus diseases in legumes, but 
many crop species show low levels of resistance and new sources of resistance are limited. Diverse 
accessions of M. truncatula are available (Ellwood et al. 2006) and therefore this genetically tractable 
species offers the opportunity to characterise new forms of resistance genes and processes. There are 
few reports of virus disease in M. truncatula, but M. truncatula is a known host to AMV which causes 
significant reduction in growth and productivity (Dall et al. 1989), to which control through transgenic 
coat protein mediated protection has been demonstrated (Jayasena et al. 2001). 
5.3 Virus diseases of legumes 
In pasture and grain legumes viruses cause substantial economic losses (reduction in yield and quality 
for human food and stock pasture feed). An estimate of occurrence and yield losses is provided in 
Table 5.1. 
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Table 5.1 Examples of occurrence, yield losses and estimated national economic losses caused by virus 
diseases in crop and pasture legumes 
Virus Host 
Occurrence in 
Australian crops/ 
pastures 
Yield loss with 
100% of plants 
infected 
Approx. 
national 
annual 
economic 
losses 
$Australian 
References 
AMV  Annual medics  Widespread  60%  3 million  Jones and Nicholas 1992, 1998 
  Lentil  Common  85%  0.25 million  Jones and Latham 1999 
  Chickpea  Occasional  90%  0.5 million  Latham and Jones 2000 
BYMV  Faba bean  Common  65%  3.0 million  Cockbain 1983 
  Lupin - narrow 
leaf  Common  95%  5 million  Jones 1993 
  Lupin – yellow  Occasional  80%  0.1 million  Jones and McClean 1989 
  Clovers  Widespread  60%  10 million  Jones 1994, 1996 
BLRV Faba  bean  Widespread - 
NSW  90% 3  million  Bos  et al. 1988 
  Lentil  Widespread   70%  0.5 million  Bos et al. 1988 
 Chickpea Widespread - 
NSW  80% 3  million  Bos  et al. 1988 
CMV  Lupin - narrow 
leafed  Common 60%  8  million  Bwye  et al, 1994; Jones 2001 
 Lentil  Common 90%  0.5  million  Latham and Jones 2001 
 Chickpea Occasional  90%  0.5  million  Latham and Jones 2001 
PSbMV  Field pea  Widespread  20%  3 million  Latham and Jones 2001 
SCMoV Clover  Widespread  60%  21  million  Ferris and Jones 1995; Jones 
1996 
 
Natural resistance is limited and is conferred mostly by single resistance (R) genes that recognise 
specific viruses or virus strains and contribute hypersensitive or immune responses to infection, 
although multigenic resistance to viruses may occur. Virus R genes characterised include: N gene of 
tobacco against tobacco mosaic virus (TMV), Rx gene of potato against potato virus X (PVX), Sw-5 
gene of tomato against tomato spotted wilt tospovirus (TSWV), HRT gene of Arabidopsis thaliana and 
hypersensitive resistance to turnip crinkle virus (TCV). Most R genes have highly conserved structures 
and are characterised by motifs found in receptors and signal transduction proteins.  
Much of the research undertaken so far on M. truncatula has been to study rhizobium nodulation and 
to understand metabolic pathways (Chen et al. 2003), cross-species genetic markers (Eujay et al. 
1998) and  mapping the proteome (Watson et al. 2003). There is also work to improve quality traits 
and to study fungal resistance, but apart from the work indicated above on AMV no other work has 
been done to look for genes conferring natural resistance against legume viruses such as AMV, 
BYMV, SCMoV and CMV. Virus diseases pose major constraints to the production of legumes and 
pastures worldwide (Edwardson and Christie 1991b). One strategy to develop virus resistance in 
legumes is to identify natural resistance genes and transfer them into cultivated crops. 
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AMV is classified as the only member of the Alfamovirus genus, belonging to the Bromoviridae.  
Members of the Bromoviridae family of plant viruses share the property of having a tripartite genome 
(Fig 5.1) consisting of messenger-sense single-stranded RNA molecules and can infect most 
leguminous plants ( Van Clemens et al. 1997). 
 
 
 
 
 
 
 
 
 
 
 
Fig 5.1 Structure of the tripartite AMV genome. RNAs 1 and 2 encode the replicase proteins P1 and P2; 
RNA 3 encodes the movement protein (MP) and coat protein (CP) which is translated from the 
subgenomic RNA 4 (redrawn from John, 2003). 
 
BYMV is a member of the genus Potyvirus, family Potyviridae, members of which cause many 
economically important diseases in crops. Potyvirus genomes consist of positive-sense RNA of 8-10 
kb (Fig 1.1) (Guyatt et al. 1996). BYMV infects a broad range of plants, including field legumes such 
as beans, peas, lupins and clovers and both monocotyledonous and dicotyledonous ornamental crops 
such as gladiolus, bulbous iris, lisianthus, gentian and some orchids. BYMV has also been isolated 
from several types of trees, such as beech (Fagus) (Winter and Nienhaus 1989).  
SCMoV is the most widespread viral pathogen on Trifolium subterraneum L. (subterranean clover) 
annual pastures in southern Australia (Wroth and Jones 1992b). SCMoV is a Sobemovirus with a 
linear single-stranded, positive-sense 4.25 Kb RNA genome (Fig 5.2) (Dwyer et al. 2003), with a 
relatively narrow host range being restricted to a few forage legumes in the field (Nelson et al. 2006; 
Fosu Nyarko 2005; Fosu Nyarko et al. 2002). Resistance to SCMoV has been found in M. sativa 
(lucerne) and M. orbacularis (Pathipanawat et al. 1996). In protoplast culture one form of resistance to 
SCMoV in T. subterraneurn was shown to be by inhibition of cell-to-cell movement, although 
resistance by inhibition of virus replication in individual cells may also occur (Njeru et al. 1997). 
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Fig 5.2 SCMoV genome organisation. The ORFs are labelled and shown in boxes. 
 
The complete SCMoV-P23 genomic RNA is about 4258 bp. SCMoV RNA sense strand has four 
potential ORFs (Fig 5.2). ORF1 and ORF4 encode single polypeptides while ORF2 comprised two 
overlapping reading frames termed ORF2a and ORF2b. Translation initiation from genomic (gRNA) 
and subgenomic RNA occurs via a 5’ end-dependent ribosomal scanning mechanism. The ORF1 
initiation codon has suboptimal context allowing translation of ORF2 to occur via a leaky ribosomal 
scanning mechanism. ORF2b is expressed via a ribosomal frame shifting mechanism and the 
individual mature proteins are released through proteolytic digestion by the protease encoded by 
ORF2a. ORF 4 is expressed from a subgenomic RNA molecule (Dwyer et al. 2003). 
 
CMV, genus Cucumovirus, family Bromoviridae, is a positive-sense RNA plant virus with a tripartite
 
genome (Fig 5.3). CMV
 has an extremely broad host range >1,000 plantspecies and numerous strains 
of CMV have been described (Palukaitis et al. 1992). 
 
Fig 5.3 Genome organization of CMV. Nucleotide (nt) numbers and the sizes of encoded proteins are given 
for the Fny strain. K, kilodalton (Roossinck, 2002). 
 
The aim of the work in this Chapter was to lay a foundation for legume virology research using this 
model legume system. Specific aims were (i) to evaluate the M. truncatula core collection for 
responses to challenge by four important legume-infecting viruses (ii) to identify accessions exhibiting 
a range of resistance that could be used to study molecular plant virus interactions in M. truncatula 
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and (iii) to identify suitable crosses to develop mapping population(s) to map a resistance gene or 
locus that confers virus resistance. 
5.4 Materials and Methods 
5.4.1 Plant Materials and Growth Conditions 
Plant materials and growth conditions are described in section 3.2.1. 
5.4.2 Virus Isolates and Inoculation 
Virus isolates and inoculations are described in section 3.2.2. 
5.4.3 Symptom Recording 
Symptoms were recorded 1-8 weeks post inoculation for both inoculated and uninoculated leaves. The 
symptoms recorded were chlorosis, crinkling of leaves, epinasty, leaf curling, leaf deformation, severe 
leaf deformation, mottle, severe mottle, mild mottle, infection detected in inoculated leaf but no 
infection detected in tip leaf, pallor, plant death, pinkish leaf,  purple pigmentation, reduction in leaf 
size, systemic asymptomatic infection, stunting, vein banding, vein clearing, severe vein clearing, 
veinal chlorosis, non systemic infection, systemic chlorotic spots, and pigmentation. Tissues from 
inoculated leaves and non-inoculated leaves were tested by Enzyme linked Immunosorbent Assay 
(ELISA) for virus presence 6 weeks post inoculation. The results were confirmed twice for resistant 
accessions which did not show symptoms and were ELISA negative. 
5.4.4 Enzyme linked Immunosorbent Assay 
One gram of plant leaf material was ground in phosphate buffer saline (10mM potassium phosphate, 
0.15 sodium chloride), pH 7.4 containing 5mL/L Tween 20 and 20g/L polyvinyl pyrrolidone and the 
extract tested by ELISA as described by Clark and Adams (1977). Each sample was tested in duplicate 
wells in microtiter plates. Infected and healthy sap was included in paired wells as a control. The 
substrate used was 0.6mg/mL p-nitrophenyl phosphate in 10mL/L in diethanolamine, pH 9.8. 
Absorbance (A450) value was measured in a Titertec Multiscan Photometer (Flow Laboratories). A 
sample was considered positive when the absorbance value was twice that of the control. 
5.5 Results  
M. truncatula germplasm exhibits a wide range of responses to virus challenge. A total of about 
twelve thousand plants of M. truncatula were challenged with AMV, BYMV, CMV and SCMoV (Fig 
5.4). For each accession, five plants were inoculated twice with each virus (Fig 5.5).  
Although there were a total of 230 accessions in the germplasm collection, complete data for only 209 
accessions were obtained. Lines that were initially scored as resistant were grown and rechallenged CHAPTER 5: SCREENING THE MEDICAGO TRUNCATULA CORE COLLECTION AGAINST AMV, CMV, BYMV AND SCMOV. 
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twice. The remaining 21 accessions showed poor germination or inconsistent symptoms/results (not all 
plants within a line or accession were genetically uniform/identical).  
 
 
 
 
 
 
 
 
 
 
 
 
Fig 5.4 M. truncatula plants growing in the glasshouse, showing the scale of virus screening. 
 
There was a range of responses to virus infection. In some cases symptoms were obvious but in some 
accessions no symptoms were recorded after challenging with virus although infection was confirmed 
with ELISA. The latter were recorded as symptomless systemic infection. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 5.5 M. truncatula plants challenged with viruses: five plants of each accession were grown for virus 
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A wide range of symptoms were observed in susceptible plants, the most common symptoms were 
mottle, mild mottle, vein banding, vein clearing, leaf curling, leaf deformation, reduction in leaf size, 
stunting, chlorosis, systemic asymptomatic infection, to rarer symptoms like, pallor, plant death, 
systemic chlorotic spots, systemic necrotic spots, pink pigmentation, crinkling of leaves, epinasty, 
veinal chlorosis, and pinkish leaves. Full details of the responses of M. truncatula accession to 
challenge by AMV, BYMV, CMV, and SCMoV are given in Table 5.2. 
Table 5.2 Responses of M. truncatula accessions to challenge by AMV, BYMV, CMV, and SCMoV.  
Acc No  Origin  AMV  BYMV  CMV  SCMoV 
395  Australia  SS  NI  M,RLS,LD  VC,LD,M 
396  Australia  VC,MM,*  NI  VB,VC,RLS,LD  NI 
774  Australia  SS  NI  M,RLS  VC,LD,RLS,VB,Pg 
1306  Australia  M,P  LC,P,M  VC,M,St,D  NI 
1316  Denmark  SS  M,LD  M,LD  NI 
1326  Germany  M,LD  L,LD,VB  M,LD,VB  M,VC,RLS 
1335  Malta  SS  VC,LD  M  M,St,VC,LD 
1489  Israel  SS  MM,VB,  M,VB,SM  MM 
1501  Israel  SS  LD,M  SS  M,LD 
1502  Israel  SS  M,VB,RLS  M,RLS  NI 
1516  Israel  MM  VC,SM,LD,RLS  SM,LD  M 
1526  Algeria  SS  NI  NI  VC,M,St,LC,PD 
2084  Greece  VC,MM  NI  NI  VC,M,P 
2109  Crete  SS  M,LD  M,VB  VC,M,LD,St 
2162  Yugoslavia  M,LC  P,LD  M,LC,VB  SS 
2168  Italy  LC,VB  LC,VB  SM,P  E,Pi,LC 
2193  Sicily  SS  LD,VC,P,RLS  NI  VC,VB,M,RLS 
2203  Sicily  SS  NI  NI  VC,MM,RLS,LD 
2204  Sicily  NI  NI  NI  M 
2218  Italy  M,VC  VC,LD,RLS  VC,LD,P  VC,LC,LD,RLS 
2252  Australia  M  VC,M  VC,P,M*  NI 
2729  Israel  LD,RLS,LC  NI  LD,M  RLS,P,LC 
2748  Israel  M,VC,LC  NI  VC,M,P,PD  M,S,RLS,P 
2806  Portugal  VC,M,RLS  St,LD,LC  M,RLS,LD,*  NI 
2820  Turkey  M  M,VB,LD  M,VC,LD,P  NI 
2826  Spain  M,VC,RLS,LD,St,SNS  M,RLS  M,LD,LC,RLS,S,*  VC,LC,RLS,P 
2831  Spain  VC,M,LD,LC,RLS,*  M.RLS,LC,LD  RLS,LD,LC,St,MM,VC  VC,RLS,LD,M 
2840  Cyprus  P,LD,RLS,M  NI  P,LD,RLS,VB  VC,P,M 
2841  Cyprus  MM  VC  NI  VC,M,LD,St 
3047  Portugal  VC,M  SLD  VC,MM,LD,St  RLS,M,VC,LD,St 
3047  Portugal  MM.  M.LD  LD,MM,RLS,St  LD,VC,LC,M,St 
3054  Greece  M,LC  MM  P,M,VB  VC,M 
`3116  Israel  MM,VC  M,VC  M,LD,LC,RLS  SS 
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3308  Australia  LC,M,VC  P,M  VC,P,LD,SNS  RLS,St,M 
3536  Hungary  M,P,VB  VB,P  SM,VB,VC  P,VC,VB 
3537  Germany  P,VB,MM  SM,VC,VB  St,LC,P  M,VB 
3562  France  M,VC,VB  St,M,VC  M,VB,P  SS 
3569  Germany  M,P,VB  VB,St  S,LD,VC,P  VB,VC,St 
3573  Hungary  M  M,SLD  SS  NI 
3648  Portugal  SS  M,RLS,VB  SM  NI 
3653  Portugal  VB,LC  M,LC,LD  S,M,LC  P,LC,S,B,VC 
3663  Cyprus  SS  NI  NI  VC,MM 
3713  Tunisia  VC,LD  VC  M,VB,LD  M,LD,RLS 
3749  Israel  SS  NI  P,LD,VC  VC,MM 
3780  Italy  M  PD  M,VC  NI 
3913  Israel  VC,M,RLS,SCS,LD  NI  RLS,M  LC,VC,S 
3916  Greece  M,RLS,LC,SNS  NI  VC,M,LD  St,LD,M 
3919  Israel  VC,LD,M  NI  VC,LC,RLS  M,RLS,LD 
4087  Tunisia  M  NI  LC,LD,M,St  VC,M,PD 
4303  Jordan  M,VC,SM,LD  LC,VC,LD,M,RLS  VB,VC,P,RLS,LD  NI 
4327  Yugoslavia  M,P,SNS,LC,LD,RLS  NI  VC,M,SNS  EP. PP, Pi, LD,VC,RLS 
4330  Malta  SS  NI  NI  M,VC 
4456  USA  SS  NI  M,St,LC,VC  VC,MM 
4480  Bulgaria  M,LD,SLD,M,C,  RLS,M,P  VC,M,VB  VC,LC,RLS,P 
4586  Tunisia  SS  M,VB,VC  SS  SS 
4818  France  SS  VB,St,M  SM,LC,VB  P,St,LD 
4947  Australia  MM  LD,RLS,SM,VC,St  P,M  NI 
6088  Portugal  M,VC,LC,LD,RLS  SM,VB,St  M,VB,P,St  NI 
7749  Tunisia  M,VC  NI  M  M,St,RLS,P 
7763  Tunisia  M,P,LD,LC,++  LD,RLS,M  M,@  NI 
8105  USA  M,RLS,SNS  NI  VB,RLS  LC,VC,Pi,LD,PD, 
8454  Libya  M,P  SS  VB,P  VC,M,S 
8496  Tunisia  M,VC  VC,M,LD  M,VC,P,RLS  VC,LD,LC 
8601  Algeria  VC,M  M,RLS,LD  VC,LC,M  LD,VC 
8603  Algeria  SS  VC,RLS,LD  P,VB,RLS,M  VC,M 
8604  Algeria  M  VC,LC,LD,M  M,VB  VC,LC 
8618  Morocco  SS  VB  M,LD,St  M 
8619  Morocco  M,LC,LD  M,LC  M,VC,*  VC,M,LC,St,RLS* 
8625  Morocco  M,P,VB  LD,VC,P  M,RLS  VC,S,LC,M 
8638  Morocco  M,P  St,LD,RLS,LC,M  P,M,LD  VC,LC,M 
8642  Morocco  VC,M,P  RLS,LD  M,LD,RLS,SNS  VC,M,P,LC,LD 
8871  Uruguay  SS  VC,RLS,SLD,SNS,LD  VC,RLS  VC,LD,P 
8916  Algeria  SS  VC,LD,RLS,C,P  M,LD,VB,SNS,P  LD,RLS,VC 
8935  Tunisia  M,P,LD  SLD,LC,VC,P,C  LD,LC,VC,P,SNS  VC,P,LC,LD 
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9049  Libya  SS  M,VC,P,RLS  VC,M,RLS,LD  VC,RLS,P 
9062  Australia  VC,M,LD  LD,RLS,M,VC,LC  SS  VC,LC,RLS 
9119  Turkey  M  LD,VC,M.P  M,VC,P  LC,VC,P,PD 
9121  Spain  M,LC,LD,SNS  P,RLS,VC,M  M,LC,@  VC,P,LC,LD 
9137  Algeria  SS  VC,M,LD,RLS  VC,M  M,RLS,LD 
9138  Libya  M,LD,  St,LD,LC  VC,M,LC  NI 
9140  Tunisia  MM,VB  St,M,LC,VB  SS  M,P 
9141  Tunisia  M,LC,*  M,*  M,LD,*  M,* 
9175  SA-9175  M  NI  SS  MM 
9295  Canada  M,LC,VC  SLD,LC  M,VB,VC  NI 
9356  Algeria  M,VC  RLS,VB,LC  M,LC,P  NI 
9357  Algeria  M  P,LD,S  LC,VB,VC  NI 
9434  Tunisia  M,LD,VC  VC,M,LD  M  VC,LD,P 
9456  Tunisia  LC,LD,VC,M  NI  LC,M,P,LD  NI 
9596  Tunisia  VB,LC,M  NI  P,M  St,LD,LC,M 
9642  Algeria  MM++  NI  NI  VC,M,LC,VB 
9649  Algeria  M,LD  M,VC  RLS,M,VC  NI 
9670  Algeria  LD,M,P  NI  LC,P  NI 
9675  Morocco  M,VC,LC  VC,M,P  M,VB,LC  VC,LD,LC,M 
9693  Tunisia  MM,LC,P  NI  NI  VC,LC,S,M 
9707  Tunisia  SS  NI  NI  SS 
9710  Tunisia  M,LD  NI  NI  VC,M,LC,LD,St 
9712  Tunisia  VC,LD,RLS  M,P,RLS,LD  NI  NI,
# 
9720  Tunisia  M,VC,P  NI  LC,M  VC,P,RLS,St 
9728  Tunisia  M,P,VC  M,VC  M,LD,VC,RLS,P  NI 
9820  Tunisia  M,P,VC,LD  LD,VC,M  M,LD,P  NI 
9851  Algeria  M,LD  VC,S,M,RLS  LC,M,RLS  VC,P 
9856  Algeria  VC,M  NI  SS  NI 
9866  Algeria  LD,M  P,M,LC,PD  M,VC,RLS  NI 
9876  Algeria  M,VC  VC,M  LC,M,P  M,VC,LD 
9888  Morocco  M,VB  M,VC  M,St,LD,VC  VC,M,VB 
9944  Tunisia  LD,RLS,M  VC,P,M  VB,M,LD,P  VC,LD,LC,St 
9970  Tunisia  LD,LC,M  VC,RLS,P  NI  VC,M,LC 
10406  Morocco  VB,M,LD  VC,RLS,C,LD  M,C  M,P 
10481  Tunisia  M,VC  VC,P  NI  NI 
10962  Tunisia  MM,VC  NI  M,LC,LD  SS 
10964  Tunisia  RLS,LD,P  M.LD  NI  M,VC,LC, 
11010  France  M,LD,*  NI  VC,M,*  NI 
11715 
Canary 
Island 
SS  NI  NI  VC,M,LD 
11734  Crete  MM,M,VC++  NI  M  VC,P,RLS,St 
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11959  Israel  M  LD,VC,P  M,P,VB  NI 
12451  Sardinia  M,P  VC,LD,RLS,P  M,LD  RLS,VC,M,St 
12455  Sardinia  M,P  VC,RLS,LD,LC  VC,P,LC  VC,LD,M,RLS 
14163  Jordan  M,P,LD,VC,RLS,PP  NI  M,St,LD  VC,LC,M,PD 
14688  Libya  VB,P,LD  NI  SS  VB,VC,M 
14829  Algeria  M  NI  M,P,VB,SNS  VC,LC 
15268  Algeria  M,VC  VC,LD,PD,  M,VC  NI 
15951  Madeira  M,VC  NI  M,P,VC,RLS  VC,LD,LC,S,RLS 
17246  Libya  LC,P,M  NI  M,LC,VB,RLS  St,LC,RLS 
17285  Libya  M  NI  LD,LC,RLS  LD,St,M 
17498  Algeria  M,RLS  VB,LD,RLS  LD,M,RLS,VC  SS 
17750  Algeria  M  M,VC,P  NI  VC,LC,RLS 
18242  Tunisia  M,SNS  P,M,VC  M,LD,LC,VB,RLS  VC,RLS,P 
18346  Unknown  SS  M,VC,C  M,P,VB  NI 
18395  Tunisia  M  RLS,M,P,VC  M,VC  NI 
18532  Tunisia  SNS,M,VC  LC,VC,SM,RLS  VC,M,P  M,VC 
18543  Tunisia  VC,M,SNS  VC,M,RLS  NI  RLS,VC,LD,M,St 
18935  Australia  M,VC  M  M,VB  NI 
19957  Tunisia  MM  RLS,M  VC,LD,M,LC  NI 
19964  Turkey  VC,M,PDPP  VC,P,RLS,S,LD  RLS,LD,M,VC  VC,MM,RLS 
19983  Cyprus  M,P  VB,M,LD  M,RLS,SNS,LD,LC  VC,LC,RLS 
19995  Cyprus  M,++  M,VC,LC,C  VC,P,C  NI 
19998  Cyprus  M,CS,VC,RLS  LD,VB,RLS,VC  VC,P,LC  LC,LD,RLS,P,VC,M 
20001  Cyprus  M,P,RLS  VC,LC,RLS  SS  M,VC,P 
21362  Libya  SCS,PD  VC,LD,M,St  MM  NI 
21382  Libya  M,VC,RLS,LD,LC  M,RLS,LD  NI  VB,LD,LC 
21560  Libya  VC,RLS  NI  NI  VC,P 
21590  Libya  M,LD,LC  NI  VC,P,SNS,LD,M  VB,LD,LC 
21819  Cyprus  SS  M,VC  M,VC  SS 
21892  Algeria  SS  SNS,M,LD  M,LC,LD,SNS  RLS,M 
21932  Algeria  MM  LD,SM  SM  SS 
22322  Syria  M,P,LD,RLS  VC,M,LC  M,LC  VC,P,RLS,LD,M 
22323  Syria  M,SNS,LD,LC  VC,M,LD  M,VB,LC,*  VC,P,LC,LD,S,M 
22922  Libya  M,LC,LD  NI  VC,LD,P  VC 
22947  Algeria  M,P,LC  NI  LD,RLS,M,VC  P,M,VC,RLS 
23859  Tunisia  M,LD,SNS,*,++  VC,LC,RLS,P,M  LD,M,VB  VC,M,LD,RLS,LD,C 
24576  Morocco  M,P,VC  VC,LD,P,M,St  M  VC,P,M,LD 
24714  Sicily  VC,LC,M  LD,LC,RLS  VB,LD,RLS,VC  NI 
24968  Sicily  VC,M,LC  VC,LC  M,VC,LC  E,VC,LD,P 
25226  Sicily  M  VC,P,M,  VC,LC,LD,P,M  M,VC,LC 
25654  Morocco  LD,RLS  VC,M,LD,St,LC,PD  M,LD,VC,RLS,*  M,LC 
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25669  Morocco  M,P,LC,LD,++  VC,M,P  M,LC,LD,VC  M,VC 
25882  Russia  M  NI  VC,M,P,LC  VC,RLS,LD 
25898  Sardinia  M,LD,SN,++  M  M,VB,LD  VC,LD,RLS,St 
25915  Sardinia  M,P,SNS  M,VC  M,VC,P  St,E,VC,M,LD,LC 
25926  Unknown  VC,M  VC,M,LC,LD  VC,P,M,LD  VC,RLS,LC 
25941  Sardinia  M  M,VC  M,LD  M,VC 
26063  Morocco  M,P  M,RLS,VB  M,VC,VB  NI 
27032  Egypt  SS  NI  RLS,P,M  SS 
27062  Greece  VC,P,M  NI  VB,P,M  NI 
27176  Greece  VC,LC,M  VB,LD,RLS,C  VC,M,P  VC,LC 
27185  Italy  M  VC,LD,RLS  VC,M,LD  VC,LC,RLS,LD 
27774  Morocco  VC,M,RLS  VC,M  P,M,RLS  VC,LC,M,RLS,St 
27778  Morocco  VC,LC,M  VC,LD,RLS  VB,SNS,LD,C,RLS  M,P,LC,LD 
27882  Morocco  M,LC  VC,RLS,LC,LD  VB,LD,RLS,M  VC,M 
27942  Morocco  VC,M,LC,  M,RLS,LD,LC  P,M,VB,RLS,SNS  VC,LD,LC 
27961  Morocco  LD,M,LC,SNS  LC,LD,C,St  VB,LC,LD,RLS  VC,M,LD 
28064  Cyprus  NI  RLS,VC,LD  VB,P  M,St,LD,P 
28089  Cyprus  LD,VC,M  NI  LC,M,P,SNS  VC,P 
28095  Cyprus  NI  NI  VC,RLS  VC,M,LD,LC 
28097  Cyprus  NI  NI  SS  P,M 
28099  Cyprus  M  RLS,M,VC,LC  M,VC,RLS  LC,LD,VC,St 
28110  Cyprus  NI  NI  VB,RLS,LD,M  M,VC,RLS,St,P,LD,PD, 
28339  Spain  M,VC,LD  VC,LD,RLS,VB,LC,St,Cr  SS  SS 
28375  Portugal  M  NI  LC,LD,RLS,VB,St,*  M,LC,P 
28435  France  VC,RLS  VC,LD,M  VC,LC,M  VC,LD,M,LC 
28444  France  M,VC,LD,  NI  P,LD,VC  VC 
28645  Iran  P,LC,M  VC,LD,RLS,P,M,*  M,VC,SNS  RLS,VC,LD,LC 
28646  Iran  VC,LC,P  VC,LC,LD,M  VC,LC,M,P,RLS  VC,RLS,LD,M 
28712  Iran  M,VC,P  RLS,VC,LD,St  LC,VC,M,P,*  SS 
28889  Corsica  M,  NI  VC,M,LD  M,VC,LD 
28890  Corsica  M,P,LC  M  P,LD,M,VC  VC 
29620  Morocco  M,LC  SM  M,LC,SNS,*  VC,M 
29625  Morocco  M,VC  M,LD,  P,LD,RLS,M,VB  LC,LD,M,P 
29704  Morocco  M,*  LD,LC,M,RLS  SNS,LD,RLS,M  VC,M 
29822  Morocco  M  M,LD  M,LD  VC,M 
29831  Morocco  M,LC  P,VB,LD,LC,M  M,SNS  VC,LC,P,RLS 
29867  Morocco  M,LC,VC,*h  NI  LC,M,LC,SNS  VC,M,RLS 
30199  Unknown  M,VC,*  SVB,VC,RLS,LD  LD,M,LC,VC,SNS  LC,M,P 
30203  Spain  SS  VC,LD,M,RLS  VC,LD,LC,M  VC,LD,LC 
30302  Spain  M,LC  VC,LD,M  M,P,LC,VB  VC,P,M 
30740  Romania  M,LC,VC,M,RLS,P,*  RLS,LD,LC,VC,M  LC,M,RLS,VC,SNS  P,LC,VC,M 
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31407  Morocco  M,VB,VC,LD,SNS  VC,P,LD,RLS  P,VC,LC,M,SNS  LC,P,VC,RLS 
31438  Morocco  M,P,VC,RLS  LD,M,P,VC,RLS  VC,LC,RLS,M  LC,P,LD,VC,RLS 
31442  Morocco  M,LD  VC,M  LD,P,RLS,SNS  LC,LD,RLS 
31443  Morocco  M,P,VC,RLS  RLS,C,M,VC  P,VC,MRLS,PP,PD,*  NI 
A-17    M,P,RLS  M,VC  M,LD,RLS  VC,RLS,P, M 
Caliph  Morocco  MM,RLS  NI  VCL  SS 
Cyprus  Cyprus  MM  NI  LC,M  NI 
DZA-
315 
Algeria  VC,P  M,LD,RLS  M,LD,VB,RLS  NI 
Symptom codes: Acc No = Accession number, Cr = Crinkling of leaves , E = Epinasty, LC = Leaf 
curling, LD = Leaf deformation,  SLD =  Severe Leaf deformation, M = Mottle, SM = Severe Mottle, 
MM = Mild Mottle, NI = No infection detected in tip leaf, NI# = infection detected in inoculated leaf 
but no infection detected in tip leaf, P = Pallor, PD = Plant death, Pi = Pinkish Leaf, PP = Purple 
pigmentation,  RLS = Reduction in leaf size, SNS = Systemic necrotic spots, SS = Systemic 
asymptomatic infection, St = Stunting,  VB = Vein Banding, VC = Vein clearing,  VCL = Veinal 
chlorosis,  NSI = Non systemic infection, SCS = Systemic chlorotic spots, Pg = Pigmentation,  ++ = 
Symptoms recovered,  *  = Symptoms appeared after 7 days, @ = Symptoms appeared after 8 weeks. 
5.5.1 Responses to Virus Challenge 
Most M. truncatula accessions were readily infected by AMV and CMV, followed by SCMoV and 
BYMV. In susceptible accessions the symptoms usually appeared 1-3 weeks post-inoculation when 
challenged with AMV, CMV and SCMoV (Fig 5.6 and Fig 5.7). BYMV inoculation was more 
difficult, and some accessions escaped when challenged with this virus. Accessions were scored as 
highly susceptible where symptoms appeared within a week in all five plants. Accessions were 
considered susceptible when symptoms appeared 1-2 week post-inoculation. In some cases only 2-3 
plants were symptomatic out of 5 plants. The asymptomatic plants may have escaped virus inoculation 
or the accession lots provided may not have been genetically uniform. 
5.5.2 Highly Susceptible Accessions 
After inoculation accessions showing symptoms or severe responses within a week were considered as 
highly susceptible. Notably 10 accessions with AMV, 2 with BYMV, 12 with CMV and 2 with 
SCMoV were highly susceptible. Accession SA-9141 was highly susceptible to challenge with all four 
viruses and exhibited mottle, leaf curling and leaf deformation as indicated in Table 5.3. 
Table 5.3 Accessions showing symptom appearance within a week of challenge by AMV, BYMV, CMV 
and SCMoV. 
AMV BYMV CMV  SCMoV 
396 29704 9141  2252 22323 8619 
2831 29867 28645  2806 25654 9141 
9141  30199   2826  28375   
11010 30740    8619  28712   
23859 31376    9141  29620  
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Fig 5.6 Accession 1526 (left) showing vein clearing, mottle, stunting, leaf curling leading to  plant death 
after challenge with SCMoV. 
5.5.3 Highly Susceptible Accessions Showing Recovery Phenotype 
Two accessions SA-31,376 and SA-23,859 appeared highly susceptible to AMV infection one week 
post inoculation, but after 6 weeks they were symptomless. The symptomless plants although 
recovered phenotypically and seemingly healthy, nevertheless remained infectious.  The presence of 
virus antigen was confirmed by ELISA. These accessions can be best described as tolerant. 
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5.5.4 Susceptible Accessions of AMV Showing Recovery Phenotype 
Some accessions infected with AMV exhibited symptoms at about four weeks post inoculation but 
recovered 6- 8 weeks post inoculation i.e. younger leaves no longer exhibited symptoms (Table 5.4). 
Table 5.4 Accessions showing recovery from symptoms after inoculation with AMV. 
AMV 
7763 11734  23859  25898 
9642 19995  25669  31376 
5.5.5 Accessions Potentially Resistant to Virus Challenge 
Five accessions were scored as resistant to AMV challenge, 56 to BYMV, 21 to CMV and 42 to 
SCMoV challenge (Table 5.5). No virus or symptoms were detected on the systemic leaves of the 
plants. (It should be noted that these accessions could include lines that for some reason escaped 
infection). 
Table 5.5 Accessions potentially resistant to infection by AMV, BYMV, CMV and SCMoV. 
AMV BYMV  CMV  SCMoV 
2204  395 4087 9856 25882  1526 10481  396 9356  18935 
28064 396  4327  10962  27032  2084 10964  1306  9357 19957 
28095 774  4330  11010  27062  2193 11715  1316  9456 19995 
28097 1526  4456  11715 28089  2203 17750  1502  9649  21362 
28110 2084  7749  11734 28095  2204 18543  2252  9670  24714 
 2203  8105  14163  28097  2841 21382  2806  9712  26063 
 2204  9175  14688  28110  3663 21560  2820  9728  27062 
 2729  9456  14829  28375  4330   3573  9820  31443 
 2748  9596  15951  28444  9642   3648  9856  DZA-315 
 2840  9642  17246  28889  9693   3780  9866  Cyprus 
 3663  9670  17285  29867  9707   4303  10481  
 3749  9693  21560  Caliph  9710   4947  11010  
  3913 9707 21590 Cyprus 9712   6088  11959   
 3916  9710  22922   9970   7763  15268  
 3919  9720  22947       9138  18364  
            9295  18395   
5.5.6 Accession Showing Potential Extreme Hypersensitivity 
Some accessions exhibited extreme hypersensitivity/plant death after inoculation (Fig 5.8). The 
symptoms were dying back starting from the tip leaf after 5 weeks of inoculation and by 8-9 weeks 
post inoculation the plants were all dead. 
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Table 5.6 Accessions showing extreme hypersensitive response to AMV, BYMV, CMV and SCMoV. 
AMV BYMV  CMV  SCMoV 
9048 3780  2748  1526  14163 
19964 9866  31443  4087  28110 
21362 15268    8105   
 25654    9119   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 5.8 Extreme hypersensitive response of accession SA-21362 challenged with CMV. 
 
Such plants also showed various symptoms after virus inoculation, with symptoms appearing two to 
three weeks post inoculation. The infected plants started to die 5 weeks post inoculation and most of 
them were dead by the 10
th week post inoculation (Table 5.6). 
5.5.7 Accessions Showing Systemic Necrotic Spotting Without Plant Death 
Fourteen accessions showed systemic necrotic spotting (SNS) by about three weeks post inoculation CHAPTER 5: SCREENING THE MEDICAGO TRUNCATULA CORE COLLECTION AGAINST AMV, CMV, BYMV AND SCMOV. 
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with AMV (Fig 5.9 and 5.10), 2 with BYMVand 20 with CMV (Table 5.7).  
After the appearance of SNS, the symptoms on systemic leaves of infected plants disappeared after 
challenge with CMV and AMV (Fig 5.9 and 5.10). Only one accession SA-21892 showed SNS after 3 
weeks with CMV and BYMV and the symptoms recovered in systemic leaves 7 weeks post 
inoculation.  
Table 5.7 Accession showing Systemic Necrotic Spotting with AMV, BYMV and CMV. (No accession 
showed Systemic Necrotic Spotting with SCMoV). 
AMV BYMV  CMV 
2826 22323  8871 3308  27778  30740 
3916 23859  21892  4327  27942  31407 
4327 25915    8642  28089  31442 
8105 27961    8916  28645   
9121 31407    8935  29620   
11954     14829  29704   
18242     19983  29831   
18532     21590  29867   
18543     21892  30199   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 5.9 Accession 4327 showing mottle, pallor, leaf curling, leaf deformation, reduction in leaf size and 
(hypersensitive response) systemic necrotic spots with AMV. 
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Fig 5.10 Accession 4327 showing systemic necrotic spots and systemic leaf exhibiting symptom recovery 
after AMV infection. Red circle and arrow highlight systemic necrotic spots. 
5.5.8 Systemic Symptomless Infection 
Some accessions were symptomless but ELISA result confirmed the presence of virus. Fifty six 
accessions responded in this fashion, 31 with AMV, 13 with SCMoV, 1 with BYMV, 11 with CMV 
and none with SCMoV (Table 5.2, see SS). 
5.5.9 Common and Rare Symptoms 
The most common symptoms observed after inoculation with four viruses were mottle followed by 
vein clearing, pallor, leaf curling, reduction in leaf size, systemic symptomless infection and vein 
banding. 
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Fig 5.11 Accession 4327 showing leaf deformation, vein clearing, stunting and reduction in leaf size after 
challenged with SCMoV. 
Rare symptoms were epinasty for three accessions, purple pigmentation for one and pinkish leaf for 
two accessions when challenged with SCMoV (Fig 5.11). Systemic chlorotic spotting was found in 
two accessions in response to AMV challenge (see Table 5.2). 
5.5.10 Statistics of the Symptoms for Four Viruses. 
Mottle was the most common symptom observed with AMV, BYMV and CMV infection. Vein 
clearing was the most common symptoms observed with SCMoV challenge. Plant death or extreme 
hypersensitive response was the other extreme observed in 3 accessions with AMV, 2 against BYMV 
2 against AMV and 6 against SCMoV challenge. An overview of the numbers and severity of the 
symptoms is provided in the Table 5.7. The milder symptoms are indicated in the middle of the table 
whilst the resistant and highly susceptible accessions are located at the top and bottom of Table 5.7 
respectively. In total CMV infection generated more symptoms compared to other viruses’ while 
AMV produced fewer symptoms.  
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Table 5.7 Symptom occurrence during virus screening. 
Symptom  AMV  BYMV  CMV  SCMoV AMV  BYMV  CMV  SCMoV 
NI  5  58  21  41  1.0  12.36  3.67  7.99 
++  8  0  0  0  1.6  0  0  0 
MM  16  2  4  7  3.3  0.42  0.69  1.36 
SS  32  1  11  14  6.6  0.21  1.92  2.72 
P  43  34  61  46  8.9  7.24  10.66  8.96 
VC  68  86  76  118  14.19  18.33  13.28  23.0 
M  144  87  136  89  30.06  18.55  23.77  17.34 
LD  51  77  74  65  10.64  16.41  12.93  12.67 
LC  43  36  56  61  8.97  7.67  9.79  11.89 
RLS  29  58  52  54  6.05  12.36  9.09  10.52 
VB  13  22  46  10  2.71  4.69  8.04  1.94 
SNS  14  2  21  0  2.92  0.42  3.67  0 
*  10  2  12  2  2.08  0.42  2.09  0.38 
PD  3  4  2  6  0.62  0.85  0.34  1.169 
Total  479  469  572  513  100 100 100 100 
 
Codes = LC = Leaf curling, LD = Leaf deformation, M = Mottle, MM = Mild Mottle, NI = No 
infection detected in tip leaf, P = Pallor, PD = Plant death, RLS = Reduction in leaf size, SCMoV= 
subterranean clover mottle virus, SNS=systemic necrotic spots, SS = Systemic asymptomatic 
infection, VB = Vein Banding, VC = Vein clearing, ++ = Symptoms recovered, * = Symptoms 
appeared after 7 days. The Green arrow indicates the symptoms diminishing up to complete resistance. 
The orange arrow represents mild or most common symptom occurrence. The red arrow indicates 
more severe symptoms leading to plant death or extreme hypersensitive response. The coloured part 
indicates actual numbers, the right hand side provides percentage of each symptom. 
5.6 Discussion. 
The work in this chapter is the first detailed screen of the M. truncatula core collection for responses 
of accession to challenge with four legume infecting viruses. The new information generated 
includes:- 
•  The extent and range of responses to each virus in the M. truncatula gene pool. 
•  Identification of highly susceptible and resistant lines for the next stage of the project. 
•  Developing a basis for future molecular analysis of the symptoms induced by virus infection. 
In previous work on host range and symptomology M. truncatula was identified as a non-host to 
SCMoV infection (Fosu-Nyarko et al. 2005). However, extensive screening undertaken for this thesis 
has shown that a range of genotypes of M. truncatula can in fact support SCMoV replication. The 
same holds for infection of different genotypes of M. truncatula with CMV, AMV and BYMV, in 
which susceptibility to these viruses is the most common situation, but resistance responses are also CHAPTER 5: SCREENING THE MEDICAGO TRUNCATULA CORE COLLECTION AGAINST AMV, CMV, BYMV AND SCMOV. 
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manifested. 
5.6.1 Different Responses of Accession to Virus Challenge 
The different responses of M. truncatula to virus challenge indicate that a range of underlying 
responses are present in M. truncatula germplasm. The series of resistance responses suggests that the 
underlying mechanism includes: 
•  No virus replication in the infected cell. 
•  Replication in infected cells but restricted or no cell-to-cell movement via plasmodesmata. 
•  Cell-to-cell movement, but no long distance (systemic movement) – infection therefore 
restricted to inoculated leaves. 
•  A hypersensitive response which restricts the virus to the initial site of infection. 
•  A hypersensitive response, but one that is not fast enough to prevent virus replication and 
movement from initially infected cells, leading to systemic necrosis of various forms. 
•  Tolerance - reduced virus replication, but infected plants survive with reduced symptoms. 
The symptoms of virus infected M. truncatula provide an indication towards the understanding the 
molecular basis of infection and in understanding the underlying factors that lead to symptom 
expression. The responses of M. truncatula to virus challenge thus indicate that there are a number of 
forms of resistance present in the core collection to each of the viruses studied. It also shows that there 
are highly susceptible genotypes to each virus, and so crosses between R X S genotypes can be used to 
map the location of the gene(s) which confer virus resistance. 
5.6.2 Resistant Accessions 
Because apparent resistance responses could also be escapes from infection, all accessions initially 
scored as resistant were re-challenged with the relevant virus isolate. In some cases such retesting 
resulted in re-classification of an accession from resistant to susceptible (e.g. for some BYMV 
‘resistant’ lines). Only accessions where all five plants were negative after two independent challenges 
were scored as resistant. 
5.6.3 Other Virus Isolates  
It is acknowledged that accessions found to be resistant to the virus isolates tested in this study may 
not be resistant to other isolates of the same virus. Unfortunately there was not enough time to screen 
the accessions for responses to a range of other isolates of each virus, although this would be the most 
rigorous approach. In developing resistant cultivars to a virus in general accessions with the broadest 
possible resistance should be used. The resistant accessions identified in this study may not exhibit the 
same resistance to other isolates of AMV, CMV, BYMV and SCMoV. In recognition of this issue in a 
subsequent project, lines identified in this work as resistant to AMV, BYMV and CMV are being 
challenged with additional isolates of each of these viruses (this work is being done by Ms Eva Gajda, CHAPTER 5: SCREENING THE MEDICAGO TRUNCATULA CORE COLLECTION AGAINST AMV, CMV, BYMV AND SCMOV. 
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DAFWA) to determine which accessions may show broader resistance. 
5.6.4 Extreme Hypersensitivity 
In those accessions showing a hypersensitive response, including those resulting in plant death, a 
gene-for-gene system is probably operating. In these cases a host resistance gene has recognized an 
‘avirulence’ gene product from the virus which has triggered programmed cell death (PCD) (Moffett 
et al. 2002). Few accessions exhibited this extreme resistance against virus challenge. Tolerant plants 
were observed mostly with AMV infection with most plants exhibiting symptomless systemic 
infection - that is they tolerate the AMV infection to some extent. 
5.6.5 Systemic Necrotic Spots, Systemic Acquired Resistance and Hypersensitivity 
In the accessions that showed SNS against AMV, CMV and BYMV the symptoms recovered in 
systemic leaves soon after the appearance of necrotic spots. Such accessions appeared to have 
activated systemic acquired resistance (SAR) against the initial virus infection. SAR is a distinct signal 
transduction pathway that plays an important role in the ability of plants to defend themselves against 
pathogens. After the formation of a necrotic spot, either as a part of the hypersensitive response (HR) 
or as a symptom of disease, the SAR pathway is activated. SAR activation results in the development 
of a broad-spectrum, systemic resistance (Hunt and Ryals 1996; Neuenschwander et al. 1996). The 
SAR pathway appears to function as a potentiator or modulator of other disease resistance 
mechanisms. When SAR is activated, a normally compatible plant-pathogen interaction (i.e. one in 
which disease is the normal outcome) can be converted into an incompatible one (Mauch-Mani and 
Slusarenko 1996; Uknes et al. 1992). A few accessions showed systemic necrotic spotting SNS/SAR 
against BYMV, CMV and AMV. However none of the accessions showed SNS/SAR against SCMoV. 
One possible explanation may be that M. truncatula may have co-evolved with the other three viruses 
(AMV, BYMV and CMV) but had not encountered SCMoV in nature during the evolution necessary 
for host pathogen interaction, because SCMoV is an Australian native virus. Accessions showed a 
recovery/tolerant phenotype after challenge with AMV, thus the long term association of AMV with 
many legumes and possibly M. truncatula may have resulted in a more balanced infection and 
phenotype. 
5.6.6 Geographical Origin and Resistance/Susceptibility 
There was no obvious correlation between the origin of accessions and resistance or susceptibility to 
any of the viruses tested. SCMoV has not been reported to be present outside Australia (i.e. not in 
North Africa, the Mediterranean region or the Middle East), so SCMoV challenge represents a new 
encounter with M. truncatula. No accessions challenged with SCMoV showed SNS like responses or 
symptoms. The other legume infecting viruses are likely to have co-evolved with M. truncatula and so 
there may have been an opportunity for some form of co-evolution to these viruses. 
Although there was no general association between origin of accession and virus resistance, the CHAPTER 5: SCREENING THE MEDICAGO TRUNCATULA CORE COLLECTION AGAINST AMV, CMV, BYMV AND SCMOV. 
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accessions that were resistant to AMV isolate ‘Sn’ infection, all originated in Cyprus, Sicily and 
Tunisia. These locations are close to each other and it may be possible that accessions from this region 
share some common features that confer tolerance to AMV. However, in the few cases of CMV, 
BYMV and SCMoV resistance there was no clear correlation between origin of accession, resistance 
and susceptibility. In general the accessions with virus resistance appeared to originate in North 
Africa, which is also the centre of medicago diversity. 
 
5.6.7 Understanding the Mechanisms that Underlie Symptoms 
There has been relatively little work undertaken to characterize the biochemical and molecular events 
that underlie symptom development with the availability of a range of new technologies including 
transcriptomics, proteomics and metabolomics. It should now be possible to study the molecular and 
biochemical changes in virus infected cells as a result of virus infection. Changes in host physiology 
(e.g. respiration, carbohydrate metabolism) and changes in the host gene products could be 
investigated. It would also be possible to study inoculated and systemically infected leaves by 
transcript profiling and to study genes in host gene regulation or virus gene methylation. For example 
in petunia plants with endogenous petunia vein clearing virus (ePVCV) DNA methylation of histone 
modification (H3 methylated at lysine 9, H3mK9) was observed in two different lines of Petunia 
hybrida (Noreen et al. 2007). No similar studies have been undertaken to study legume-virus 
modification (i.e. DNA/RNA methylation of the plant/viral genome). 
 
From the work undertaken in this chapter, resistance to SCMoV was chosen for further study to map 
its location. 
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CHAPTER 6: MAPPING A POTENTIAL RESISTANCE GENE LOCUS 
FOR SCMOV IN MEDICAGO TRUNCATULA 
 
 
The aim of this part of the study is to use a molecular genetic approach to map the first locus for a 
virus resistance gene in M. truncatula. Becaue SCMoV gave the clearest results and least escapes, it 
was chosen as the best virus for molecular genetic analysis of resistance. Two parental homozygous 
lines were selected from the screening described in Chapter 5. From the screen, a susceptible 
accession Jemalong 6 (A-17 susceptible, S) and a resistant accession from Algerian natural population 
(DZA-315, R) were selected on the basis of their phenotypic polymorphism against SCMoV. 
6.1 Selection of parental genotypes 
Genetic analysis is based on the study of the segregation pattern of traits which differ between the two 
parents. Two M. truncatula lines were selected on the basis of their phenotypic differences when 
challenged with SCMoV as well as genetic difference. M. truncatula is a self-fertilizing plant whose 
natural populations are composed of a variable number of different homozygous genotypes.  
The choice of line A-17 and DZA-315 as parental lines to undertake research with SCMoV was based 
on the clear phenotypic differences when challenged with SCMoV and most importantly, the 
availability of F8 recombinant inbred lines with genetic data and well established SSR markers. For 
instance, the two lines can be easily distinguished from each other after challenge with SCMoV by 
symptoms and ELISA results. After inoculation with SCMoV A-17 clearly shows vein clearing, 
reduction in leaf size, pallor and mottle on systemic leaf, whereas for DZA-315 no systemic 
movement was observed and no virus or symptoms were detected in systemic leaves. Only necrotic 
spots or localised local necrotic spots were detected on the inoculated leaf. Finally, the two lines 
showed clear differences in symptoms even at advanced stages of plant growth. 
6.2 Materials and Methods 
6.2.1 Plant Materials and Growth Conditions 
The parental lines used were chosen because a search of potential mapping populations made from 
RXS parents revealed the presence of an appropriate mapping population in France. Following a 
lengthy request for permission to import from AQIS, this population of A-17 x DZA-315, F8 RILs 
were provided by Thierry Huguet of INRA, Toulouse, France. Seeds were scarified and planted in 
steam sterilized coarse river sand. 176 RILs were grown as describe in section 3.2.1. 
6.2.2 Virus Isolates and Inoculation 
As described in section 3.2.2. CHAPTER 6: MAPPING A POTENTIAL RESISTANCE LOCUS FOR SCMOV IN MEDICAGO TRUNCATULA. 
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6.2.3 Disease Phenotyping 
Different disease phenotypes were individually recorded weekly for eight weeks post inoculation. 
Tissues from inoculated and non-inoculated leaves were also tested by ELISA for virus presence 6 
weeks post-inoculation. Accessions in which no symptoms developed were checked by repeating this 
process. 
6.2.4 Enzyme linked Immunosorbent Assay 
As described in previous section 5.4.4 
6.2.5 Molecular Marker Analysis  
Total DNA was extracted from approximately 1g of fresh young leaves by the CTAB method. Fifty 
nanograms per microlitre of genomic DNA was used in each PCR reaction. A preliminary search for 
polymorphisms using SSR markers (see Table 6.1) was performed on the internet using UC Davis 
Medicago Genetic Resources and combined with INRA Toulouse data/markers. All these markers 
were run across the F8 mapping population. The generated marker data was integrated with the 
marker/genetic data obtained from INRA Toulouse. 
Table 6.1 SSR markers used for mapping to locate SCMoV gene on chromosome 6.  
Markers/ Primer   Sequence (5'→3')  Source 
003E11F   GAGGGTGTAAGACCCCAGAA  U C DAVIS 
003E11R   TTCCAAACCTCGGGTGAATA  U C DAVIS 
004F08F   CCAGCATAAGATAGCTCACA  U C DAVIS 
004F08R  TCATCTTCTCAAACCCACTC  U C DAVIS 
004G07F  TAAACTCCACCAGCTTTCAT  U C DAVIS 
004G07R   GGGAATATTTTGGTGGTACA  U C DAVIS 
mtic156F  GCTTTTGAGGTCAAAGTACAA  INRA FRANCE 
mtic156R  CAGGGAGTAGCTTGTAAATCA  INRA FRANCE 
mtb237F  CCAGCATAAGATAGCTCACA  INRA FRANCE 
mtb237R  TCATCTTCTCAAACCCACTC  INRA FRANCE 
mtic153F  TCACAACTATGCAACAAAAGTGG  INRA FRANCE 
mtic153R  TGGGTAGGTGAATTTTCTGT  INRA FRANCE 
005D01F  CCCTCCCTTTCCTTTCAAAC  U C DAVIS 
005D01R   GATGTGCCCCTTTTTCTCAT  U C DAVIS 
002F12F   TGCAAATCATTGAGTTCCTC  U C DAVIS 
002F12R   TCCAGCCTCATGTAGTTTCT  U C DAVIS 
005B08F   GCGTTAGCATGGGTTAATGG  U C DAVIS 
005B08R   GCAAACAATGGTGTGTCGAG  U C DAVIS CHAPTER 6: MAPPING A POTENTIAL RESISTANCE LOCUS FOR SCMOV IN MEDICAGO TRUNCATULA. 
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6.2.6 The Genetic Data and Mapping Programme 
Genotyping data was obtained for 176 A-17 x DZA-315 RILs using 72 markers (Thierry Huguet, pers. 
comm), and analysed with the aid of MapManager QTX v. b20 (Manly et al. 2001). The most likely 
order of genetic markers was checked by eye and with the help of the RIPPLE function. SCMoV 
resistance phenotype scores were incorporated into the framework map using the DISTRIBUTE 
function and the possibility of quantitative trait loci examined by composite interval mapping. Markers 
were selected from the Medicago  genome sequencing project website 
http://www.medicago.org/genome/. 
6.3 Results 
6.3.1 Screening F8 RILs after SCMoV Challenge  
Before screening RILs, parental lines A-17 and DZA-315 were challenged twice with SCMoV isolate 
P23. Results from the initial screening were confirmed for susceptibility and resistance to A-17 and 
DZA-315. These parents were polymorphic (R/S) for phenotypic symptoms to SCMoV and 
genetically enabled analysis of virus resistance and other morphological traits in the mapping 
population. Both parental lines were challenged by the SCMoV isolate P23 and the RIL population 
was challenged twice against SCMoV. The resistant lines showed necrotic spots on the inoculated 
leaves and were ELISA negative (Fig 6.1) 
Table 6.2 Result of screening J6 X DZA-315 F8 RILS after challenge with SCMoV isolate P23. 
RIL No  Symptoms  ER  RIL No  Symptoms  ER 
(RIL 1)  VC, Ld, P, St, RLS +  (RIL 59)  NS, NI  - 
(RIL 2)  NS, NI  -  (RIL 60)  NS, NI  - 
(RIL 3)  NS, LD  +  (RIL 61)  VC, M, St  + 
    (RIL 4)  Vc, M, Ld, P  +  (RIL 62)  NS, NI  - 
(RIL 5)  NS, NI  -  (RIL 63)  Vc, M  + 
(RIL 6)  Vc, Ld, P  +  (RIL 64)  Vc, M  + 
(RIL 7)  Vc, Ld, M  +  (RIL 65)  NS, NI  - 
(RIL 8)  St, Vc, Ld, Lc  +  (RIL 66)  Vc, M, Ld  + 
(RIL 9)  NS, NI  -  (RIL 67)  NS, NI  - 
(RIL 10)  NS, NI  -  (RIL 69)  Vc, M, P  + 
(RIL 12)  NS, NI  -  (RIL 70)  NS, NI  - 
    (RIL 13)  NS, NI  -  (RIL 71)  NS, NI  - 
(RIL 14)  Vc, M  +  (RIL 72)  NS, NI  - 
(RIL 15c)  No result    (RIL 73)  Vc, Ld, St  - 
(RIL 17)  NS, NI  -  (RIL 74)  Vc, Ld, M, P  + 
(RIL 18)  Vc, M, P  +  (RIL 75)  Vc, Ld, M, P  + 
(RIL 19)  NS, NI  -  (RIL 76)  NS, NI  - 
(RIL 20)  Vc, Ld, St  +  (RIL 77)  Vc, M  + CHAPTER 6: MAPPING A POTENTIAL RESISTANCE LOCUS FOR SCMOV IN MEDICAGO TRUNCATULA. 
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(RIL 21)  NS, NI  -  (RIL 78)  NS, NI  - 
(RIL 23)  Vc, M  +  (RIL 79)  NS, NI  - 
(RIL 24)  NS, NI  -  (RIL 80)  Vc, Ld, M, SNS, LD*  + 
(RIL 25)  NS, NI  -  (RIL 81)  NS, NI  - 
(RIL 26)  NS, NI  -  (RIL 83)  St, Ld, Vc  + 
(RIL 27)  NS, NI  -  (RIL 84)  R  - 
(RIL 29)  M, P, Lc  +  (RIL 86)  Vc, Ld, M, P  + 
(RIL 30)  No result    (RIL 88)  NS, NI  - 
(RIL 31)  Vc, M  +  (RIL 89)  NS, Vc, St, Ld  + 
(RIL 32)  NS, NI  -  (RIL 91)  Vc, Ld, M, St  + 
(RIL 33)  M, P  +  (RIL 92)  NS, NI  - 
(RIL 35)  NS, NI  -  (RIL 93)  Vc, M  + 
(RIL 36)  No result    (RIL 95)  NS, NI  - 
(RIL 38)  NS, NI  -  (RIL 96)  Vc, M,  + 
(RIL 39)  NS, NI  -  (RIL 97)  Vc, M, P  + 
(RIL 40)  Vc, M, St  +  (RIL 98)  NS, NI  - 
(RIL 42)  NS, NI  -  (RIL 99)  NS, NI  - 
(RIL 43)  Vc, M, Ld, P  +  (RIL 100)  NS, NI  - 
(RIL 44)  Vc, M  +  (RIL 101)  Vc, M, P, Ld  + 
(RIL 45)  NS, NI  -  (RIL 102)  NS, NI  - 
(RIL 46)  Vc, Ld, M  +  (RIL 104)  NS, NI  - 
(RIL 47)  Vc, Ld, M ,P  +  (RIL 105)  Vc, M, St  + 
(RIL 48)  Vc, M  +  (RIL 107)  Vc, M  + 
(RIL 49)  VC, M, P  +  (RIL 108)  NS, NI  - 
(RIL 50)  NS, NI  -  (RIL 109)  NS, NI  - 
(RIL 51)  NS, NI  -  (RIL 110)  NS, NI  - 
(RIL 53)  NS, NI  -  (RIL 111)  Vc, M, P  + 
(RIL 54)  Vc, M  +  (RIL 112)  NS, NI  - 
(RIL 55)  NS, NI  -  (RIL 114)  NS, NI  - 
(RIL 56)  Vc, M  +  (RIL 115)  NS, NI  - 
(RIL 57)  Vc, M, St  +  (RIL 116)  Vc, Ld, St  + 
(RIL 58)  NS, NI  -  (RIL 118)  NS, NI   
(RIL 119)  Vc, M, St, P  +  (RIL 229)  Vc, Ld, , Lc, M  + 
(RIL124c)  NS, NI  -  (RIL 230)  NS, NI  - 
(RIL 125)  Vc, Ld, P, M  +  (RIL 231)  NS, NI  - 
(RIL 128)  NS, NI  -  (RIL 232)  Vc, Ld, P, E, Pi leaf  + 
(RIL 131)  Vc, Ld, Lnss  +  (RIL 234)  Vc, M  + 
(RIL 135)  NS, NI  -  (RIL 235)  No result   
(RIL 136)  No result    (RIL 236)  Vc. M  + 
(RIL 140)  NS, NI  -  (RIL 239)  Vc, Ld, M,  + 
(RIL 141)  M, Ld, P, St  +  (RIL 240)  Vc, Lc  + 
(RIL 142)  VC, M, P  +  (RIL 241)  NS, NI  - CHAPTER 6: MAPPING A POTENTIAL RESISTANCE LOCUS FOR SCMOV IN MEDICAGO TRUNCATULA. 
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(RIL 143)  Ld, M, P  +  (RIL 243)  Vc, Lc, St  + 
(RIL 144)  VC, Ld, St, P  +  (RIL 244)  Vc, M  + 
(RIL 147)  Vc, M, P  +  (RIL 246)  Vc, M, Ld  + 
(RIL 148)  No result    (Jamalong)  VC,RLS, P, M  + 
(RIL 152)  NS, NI  -  (DZA-315) NS, NI  - 
(RIL 154)  Vc, M  +  (RIL 210)  Vc, Ld, M, P, SNS, LD*  + 
(RIL 155)  NS    (RIL 211)  Vc, Ld, M, P  + 
(RIL 157)  NS, NI  -  (RIL 212)  Vc, M  + 
(RIL 158)  NS, NI  -  (RIL 213)  NS, NI  - 
(RIL 159)  VC, Ld, St, P  +  (RIL 214)  Vc, M  + 
(RIL 160)  NS, NI  -  (RIL 215)  Vc, M, Ld  + 
(RIL 162)  NS, NI  -  (RIL 217)  NS, NI  - 
(RIL 164)  NS, NI  -  (RIL 219)  Vc, M  + 
(RIL 166)  NS, NI  -  (RIL 220)  Vc, LD, M  + 
(RIL168a)  NS, NI  -  (RIL 222)  NS, NI  - 
(RIL 169)  NS, NI  -  (RIL 223)  NS, NI  - 
(RIL 170)  NS, NI  -  (RIL 224)  NS, NI  - 
(RIL 180)  No result    (RIL 225)  St, Vc  + 
(RIL 182)  NS, NI  -  (RIL 226)  Vc, M, Ld  + 
(RIL 184)  Vc, Ld, M, P  +       
(RIL 186)  NS, NI  -       
(RIL 187)  Vc, Ld, St  +       
(RIL 188)  NS, NI  -       
(RIL 189)  NS, NI  -       
(RIL 190)  NS, NI  -       
(RIL 191)  Vc, M  +       
(RIL 193)  Vc, M, Ld  +       
(RIL 194)  Vc, M, Ld  +       
(RIL 196)  Vc, Ld, M  +       
(RIL 197)  Vc, Ld, SNS, LD*  +       
(RIL 200)  Vc, M, Lc, St  +       
(RIL 201b)  No result         
(RIL 203)  M, Vc, Ld  +       
(RIL 205)  Vc, M  +       
(RIL 206)  NS, NI  -       
(RIL 207)  NS, NI  -       
(RIL 208)  Vc, Ld, P  +       
(RIL 209)  Vc, Ld, M  +       
Symptom descriptions: RIL= Recombinant inbred lines, LC = Leaf curling, LD = Leaf deformation, 
SLD = Severe Leaf deformation, M = Mottle, NI = No infection detected in tip leaf, P = Pallor, PD = 
Plant death, Pi = Pinkish Leaf, RLS = Reduction in leaf size, St = Stunting, VC = Vein clearing, NS = 
Necrotic spots, *  = Symptoms appeared after 7 days, ER=ELISA Result. CHAPTER 6: MAPPING A POTENTIAL RESISTANCE LOCUS FOR SCMOV IN MEDICAGO TRUNCATULA. 
   93 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 6.1 A-17 x DZA-315, RIL no 9 showing necrotic spots on the inoculated leaves. 
 
The susceptible lines showed common symptoms like vein clearing, mottle, leaf deformation and 
pallor (Fig 6.2 a, b, c, d, e,). 
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Fig 6.2 M. truncatula Recombinant inbred lines (RILs) challenged with SCMoV (a) RIL No 239 showing  
vein clearing, leaf deformation, leaf curling and mottle after challenged with SCMoV, (b) RIL No 49 
showing vein clearing, mottle and pallor after challenge with SCMoV (c) RIL 46 showing vein clearing, 
leaf deformation and mottle (d) RIL 46 left; negative control inoculated with buffer and celite; right; 
showing vein clearing leaf deformation and mottle after challenge with  SCMoV(e) RIL No 43 left; 
negative control inoculated with buffer and celite; right; showing vein clearing and pallor after challenge 
with SCMoV. 
d 
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The symptoms observed in the parents were similar to those observed in the RILs except in a few 
cases where there was more severe and early symptom development in susceptible lines. In addition, 
in some resistant RILs the necrotic spots were absent. The symptoms were scored qualitatively in 
terms of being symptomatic or asymptomatic. From this screen 84 F8 plants were found to be 
susceptible to SCMoV and 82 F8 plants resistant to SCMoV infection (Table 6.2). The results of 9 
RILs were uncertain so they were excluded from phenotyping. The scoring of the phenotypes gave a 
ratio that is close to 1:1 which indicates that this resistance is controlled by a single dominant gene. 
6.3.2 Molecular Markers on Chromosome 6 
All the SSR markers (18 in total) listed in the Tables 6.1 were scored by PCR for each individual of 
the F8 RIL mapping population. Representative gels showing marker scoring of the RIL population are 
shown in Fig 6.3 for marker mtic156. 
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Fig 6.3 Gel images for microsatellite marker mtic156 with sizes of 150 and 185 bp (labelled A-I). The 
image was taken after 1.5 h of electrophoresis at 80 V. DNA staining, visualization and lane references are 
the same as RILs of the F8  M. truncatula population. This marker is located on chromosome 6. This SSR 
marker is co-dominant for the mapping population. Gel A Lane 2 Parent J= Jemalong or A-17, Lane 3 
D=DZA-315. L= 100bp and 25bp ladder (Promega). 
 
The genetic data obtained from the SSR markers from Table 6.1 are shown in Appendix II. The 
marker data from these SSRs of the mapping population were integrated with the data obtained from 
the INRA mapping population. Different SSR marker combinations were used to generate a molecular 
genetic map. After integration of the SSR marker data into the map the chromosome 6 was stretched 
4-5 centimorgans in either direction (see Fig 6.4 b). The important thing to note is that the order of the 
markers on chromosome 6 remained the same. The map generated with the genetic data of the 
SCMoV resistance gene/locus showed that it was located on chromosome 6. 
6.3.3 Markers from UC Davis and INRA France Give Different Map Positions 
The genotypic data obtained from INRA did not correspond completely with results from genotyping 
markers 005d01, 004f08, 002f12 obtained from UC Davis. To integrated theses markers on 
chromosome 6 gave incorrect map positions and the data for the markers 005B08, 004G07, 003E11 
and 003E11 were discarded. SSR marker Mtb237 was located close to the SCMoV R locus, but 
because of data conflicts with the INRA marker, it was difficult to position this marker and the marker 
was discarded. SSR marker Mtic153 genotyping was very similar to the genetic data provided by 
INRA and this marker easily integrated in the genetic data without any distortion. Few of the errors 
based on the disease phenotyping and the other markers were therefore excluded. 
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6.3.4 Gene Mapping, Linkage Analysis and Chromosomal Localization of Resistant Locus 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 6.4 Genetic map depicting the position of the SCMoV resistance locus on chromosome 6 of M. 
truncatula generated by MAPMAKER programe. (a) Genetic map with out phenotypic data (b) Genetic 
map with SCMoV phenotypic data. The map is based on 175 A-17 x DZA-315 F8 RILs and the distance 
between markers is shown in centimorgans. 
 
Linkage analysis was carried out using MAPMAKER software (Lander et al. 1987). The marker order 
was determined with a LOD score >4.0 and map distances were estimated using the Kosambi function. 
Results showed that the resistance gene to SCMoV was linked to marker Mtic153 on chromosome 6 
(Fig  6.3 A-I). Ten microsatellite markers from INRA and UC Davis were mapped on the RILs 
population and screened to better define the location of the gene (Fig 6.4). The results showed that the 
SCMoV resistance gene is 2.3 centimorgan from the marker mtic 153 on chromosome 6 (Fig 6.5). 
 
 
 
 
 
 
 
 
 
 
Fig 6.5 Genetic map depicting the position of the SCMoV resistance locus on chromosome 6 of M. 
truncatula. 
b a 
Mtic126 0.0
Mtic1109 13.7
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This research mapped the resistance locus precisely to chromosome 6 and is the first report of the 
genetic mapping of a SCMoV resistance gene locus in the model legume M. truncatula. I have named 
this gene/locus SCMoV.  
6.3.5 BACs Identified Near the SCMV Locus 
BAC accessions in the region of interest are AC134521, AC148657, AC 146307, AC157347. 
Collectively this area spans 4792 contigs and 4 centimorgans. The region spanned by these BACs has 
three 3 major gaps which still remain to be sequenced (Fig 6.6) Based on the identification of the 
BACs the next step in this project is map-based cloning of SCMoV. 
 
 
 
 
 
 
 
 
 
 
Fig 6.6 Ordered M. truncatula BACs located at position 32.8 to 35.0 centimorgan, originally overlaid on 
the  M. truncatula physical/integrated map, (established by Young et al. 2005). A blue spot indicates 
established SSR markers, white spaces indicate gaps remaining to be sequenced. Dark green intermediate 
and light green indicates the level of sequencing done so far on the BACs. Blue colour indicates a Lotus 
BAC Bridge. Scale in kilobases. 
6.4 Discussion 
The need for more sustainable and environmentally safe agriculture has expanded interest in the 
cultivation of legumes, which include some important crops such as alfalfa, clover, pea, chickpea, 
lentils, soybean, beans and peanut. These legumes are vulnerable to virus attack which reduces crop 
yield and quality. However, because there is little information on virus infection of legumes the 
introgression of natural resistance genes into major legumes crops is still difficult. This is because 
there is a lack of available genomic resources for most legume crops: some are polyploid and have 
relatively large genomes. Studying a model legume for virus interaction offers the opportunity to 
compare the interaction of M. truncatula with other plant pathogens in the same plant species. M. 
truncatula is also a relatively good host in which to identify resistance and susceptibility, which 
cannot be studied as readily as in many other legumes. 
The natural range of SCMoV infection is restricted to temperate and Mediterranean regions of 
Australia and any encounter between SCMoV on M. truncatula is a relatively recent event in 
evolutionary terms. Nevertheless, the success in locating a resistance locus against SCMoV
 indicates 
that major genetic determinants do exist in M. truncatula
 in what might otherwise not be considered a CHAPTER 6: MAPPING A POTENTIAL RESISTANCE LOCUS FOR SCMOV IN MEDICAGO TRUNCATULA. 
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natural host. Isolation of a gene which confers resistance to SCMoV should provide new information
 
for improving virus resistance in other leguminous crop plants. 
Plant surfaces and intercellular spaces are subjected to challenge by a range of potential pathogens. 
Genetic resistance is one of a number of approaches to protect crops from virus infection. Resistance
 is 
a part of general defence against pathogens including plant viruses. Resistance to SCMoV has been 
found in M. sativa and M. orbacularis (Pathipanawat et al. 1996) and also now in M. truncatula. In 
protoplast culture, resistance to SCMoV in T. subterraneum was caused by the inhibition of cell-to-
cell movement rather than by inhibition of virus replication in infected cells (Njeru et al. 1997). A 
similar restriction of virus movement in resistant cultivars has also been reported for sap transmissible 
viruses such as CMV in pepper (Nono-Womdim et al. 1991). In contrast localised HR-based 
resistance to SCMoV found on chromosome 6 of M. truncatula
 is probably induced by elicitor(s) 
originating from the
 pathogen, as has been found for other plant viruses that exhibit HR (Jordan et al. 
2002). 
 
Individual host plants
 that exhibit genetic resistance to a particular pathogen often
 occur in nature. 
Plant breeders have used natural resistance
 genes extensively via introgression from wild species into 
high-yielding
 agronomic cultivars. Resistance breeding programs are often based on identification of 
resistance to a pathogen in wild relatives or accessions, followed by several generations of 
backcrossing to introduce the
 resistance into elite breeding lines. However, this strategy is limited to 
the availability and sources of resistance and most plant pathogens
 can show genetic variation or 
undergo mutations leading to the appearance of
 strains that overcome introgressed genetic resistances. 
At present the SCMoV resistance recognition mechanism in M. truncatula remains to be revealed.  
6.4.1 Virus Resistance Genes 
The major focus on R genes in general has been monogenic dominant resistance to fungal and 
bacterial pathogens (Hammond-Kosack and Parker 2003). More than 40 plant R genes showing 
monogenic dominant inheritance have now been cloned, of which several confer resistance to plant 
viruses (Martin et al. 2003). A range of naturally occurring plant virus resistance genes have been 
reported (Table 6.3) 
 
However, R genes for many of the most damaging virus diseases have not been characterized at the 
molecular level. Emerging virus strains may also overcome R gene-mediated resistance. Thus when R 
genes are transferred by established breeding methods, there is the possibility that this will lead to 
selection of resistance-breaking strains of virus, and so new disease-resistant cultivars might have only 
a short useful lifespan. To overcome this limitation, it may now be possible to modify R genes to 
confer resistance against different strains of the same virus, or even to other viruses (Farnham and 
Baulcombe 2006). 
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Table 6.3 Examples of genes for resistance to RNA viruses. 
Resistance Gene  Host  Virus  References 
I  Common 
bean 
BCMV Kylie  et al. 1986 
N  Tobacco  TMV  Padgett and Beachy 1993 
Pvr1  Pepper PVY,  TEV Murphy  et al. 1998 
Rx  Potato PVX  Adams  et al. 1986; Bendahmane et al. 1999 
Ryadg  Potato PVX  Zhang  et al. 2003 
Ry  Potato PVY  Lecoq  et al. 2004 
sbm-1 + sbm2  Soybean  SMV  Harrison 2002; Gao et al. 2004 
Sw-5  Tomato TSWV  Brommenschenkel  et al. 2000 
TM-2  Tomato ToMV  Lanfermeijer  et al. 2003 
Tu  Lettuce  TuMV  Zink and Duffus 1970 
TuRBO3 + TuRBO4  Swede TuMV  Jenner  et al. 2002; Walsh and Jenner 2002 
BCMV, Bean common mosaic virus, PVY, Potato virus Y, PVX, Potato virus X, TEV, Tobacco etch 
virus, TuMV, Turnip mosaic virus, ToMV, Tomato mosaic virus, TMV, Tobacco mosaic virus, 
TSWY, Tomato spotted wilt virus, SMV, Soybean mosaic virus. 
 
There are different parallel approaches to finding and using natural resistance genes. In this work the 
approach has been to make use of the model legume M. truncatula to study legume virus-host 
responses. Similar detailed work, but based on the crop of interest (Brassica spp.) has been undertaken 
by Walsh et al. (1999) and in B. rapa by Rusholme (2000). In their work resistance was found in 
Brassica species against Turnip mosaic virus (TuMV) (Jenner et al. 2002; Walsh et al. 1999). The 
work also describes the testing of twenty six B. rapa and sixteen B. napus lines with four TuMV 
isolates representing the three most common pathotypes in Europe and characterization of the genetic 
inheritance of resistance in selected lines (Hughes et al. 2002). Following this strategy, once TuMV 
resistance genes were identified in commercial lines, they could be deployed rapidly in breeding 
germplasm. The parallel approach has been followed using the model system M. truncatula in this 
work. Although M. truncatula is not widely grown commercially, basic research on mapping R genes 
and identifying the resistance loci can be applied, using comparative genomics, to identify similar 
resistance in other legume crops. 
 
6.4.2 Mapping the SCMoV R gene 
By phenotyping and making use of genotyping resources of M. truncatula a single dominant R gene 
has been mapped that confers resistance to SCMoV. The localised HR-based resistance to SCMoV 
found on chromosome 6 of M. truncatula could be induced by a variety of elicitors originating from 
the pathogen, of which the importance in pathogenicity or virulence is not known. If the elicitors are 
not important pathogenicity
 or virulence factors, it is more likely that the pathogen will overcome the CHAPTER 6: MAPPING A POTENTIAL RESISTANCE LOCUS FOR SCMOV IN MEDICAGO TRUNCATULA. 
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resistance by mutation. 
One advantage of using a model host is that more is know about its genomic organisation. 
Interestingly, the resistance to SCMoV is located a ‘resistance hotspot’ of M. truncatula chromosome 
6 which contains a cluster of genes for resistance to unknown pathogens (Zhu et al. 2002). 
Chromosome 6 of M. truncatula contains more NBS-LRR resistance genes than any of its other 
chromosomes, with 69 putative R genes predicted by similarity searches with an e value of at least e-
10, with the majority of these genes occurring in clusters. Based on ClustalW alignments and 
phylogenetic comparisons, these clusters appear to have arisen by tandem duplications of an ancestral 
gene that then diverged over time. This divergence seems to be under selective pressure that maintains 
their function, but has allowed these resistance genes to acquire new substrate specificities (Siegfried 
et al. 2006).  
This region encodes R genes which share sequence similarities to the plant resistance protein family 
with NBS and LRR domains. The clustering of genes involved in resistance to related and unrelated 
pathogens is now a well-documented phenomenon, and is found in other species, such as Solanaceae 
(Grube  et al. 2000). Genomic clustering of resistance genes is observed either at complex loci 
consisting of linked resistance gene homologues or at larger genomic regions where numerous 
resistance genes may span a few to 20 cM (Grube et al. 2000). This organization can be related to their 
evolutionary processes. Some of these genes may have evolved from a common ancestor by local gene 
duplications and subsequent functional diversification. The fact that relatively small changes in a 
resistance gene sequence can lead to resistance against entirely different pathogen species supports 
this idea (Joosten and De Wit 1999). Taken together, these data can lead to the hypothesis that 
occurrence of a SCMoV  resistance gene  in this cluster reflects shared sequence similarities, 
nucleotide-binding sites (NBS), leucine-rich repeats (LRR), or a combination of both domains with the 
dominant R-genes belonging to the resistance hotspot on M. truncatula chromosome 6.  
6.4.3 Markers as a tool for Mapping SCMoV R Gene 
Simple-sequence repeats (SSR) have been used successfully to develop maps of wheat (e.g. Song et al. 
2005) and chickpea (e.g. Winter et al. 1999) and many other genomes. SSRs have a high 
discriminatory power, a high information content arising from their multi-allelic nature, co-dominant 
transmission and a robust and reproducible assay (Mitchell et al. 1997). SSR markers that were used in 
this study to locate the SCMoV R gene were generally co-dominant and so valuable for identifying 
both recessive and dominant alleles.  
 
Because disease resistance genes tend to be clustered in the genome, resistance gene analogues 
(RGAs) are usually linked to resistance gene loci. Markers for R genes and RGAs have been mapped 
on linkage maps (Flandez-Galvez et al. 2003). There is a possibility that the markers closest to 
SCMoV R gene may flank similar R genes in other legumes. When using degenerate R gene primers, 
not all the amplified products may correspond to disease R genes, but they should all contain 
conserved sequences of LRR, kinase and/or NBS, which are likely to be involved in signal CHAPTER 6: MAPPING A POTENTIAL RESISTANCE LOCUS FOR SCMOV IN MEDICAGO TRUNCATULA. 
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transduction pathways (Chen et al. 1998). The presence of the R gene conserved sequences of LRR, 
kinase/nucleotide-binding sites NBS on the longer arm of chromosome 6 makes it feasible to isolate 
RGAs in other legumes by PCR-amplification. Therefore, the RGA approach could be an effective 
way to develop molecular markers for potential SCMoV resistance gene in other legumes. In soybean, 
using primers that were associated with the nucleotide-binding sites of N and RPS2, RGAs were found 
in the vicinity of known soybean resistance loci. Feuillet et al. (1997) successfully isolated a candidate 
gene for homology-based cloning approaches using oligonucleotides corresponding to the conserved 
subdomains in serine/threonine protein kinases. It should thus be possible to develop SSR markers or 
RGA markers on chromosome 6 that can be used to identify the loci conferring resistance to SCMoV 
in other legumes. 
 
6.4.4 Comparative Genomics 
M. truncatula is probably not a natural host to SCMoV, so the presence of a single, dominant R gene 
that confers hypersensitive resistance is perhaps surprising. However, this phenomenon has parallels 
with resistance found for other pathogens like bacteria and fungi. The NBS and LRR class of disease-
resistance R genes in plants confers resistance to bacteria, viruses, fungi, and invertebrate pest and has 
more general relevance beyond viral disease resistance (Dangl and Jones 2001). As indicated above 
for RGAs and R genes, it has been demonstrated that clustering of homologous sequences is a 
common feature in the plant kingdom. The results presented in this research are therefore important 
because the information generated on the location of SCMoV gene can be used in comparative 
genomics studies with other legumes to locate the same or similar R genes. It does provide a basic 
structure on which legume genetic researchers can draw in their quest to identify other orthologues to 
this unique SCMoV R gene. They could also help provide an explanation of the evolutionary 
adaptation of M. truncatula to this ‘non-host’ virus. 
 
6.4.5 SCMoV and Future Directions 
The availability of already developed markers for M. truncatula considerably increases the chance of 
finding markers closer to the R gene locus, and information derived from genetic resources will 
facilitate future isolation of the SCMoV R gene, and subsequent breeding for virus resistance in 
legumes. Fine mapping and cloning of one of SCMoV R gene will provide the basis to further study 
the cellular processes underlying virus resistance in M. truncatula and to develop diagnostic markers. 
Once the R gene against SCMoV has been identified, it would be straightforward to develop a PCR 
based molecular marker. Such a molecular marker located in the R gene could be used for future 
selection of the R genotype, and for isolating R genes in other legumes. After the R gene for resistance 
to SCMoV has been located and characterised it would also be useful to find the elicitor domains in 
SCMoV which elicit the HR response. 
 
In order to identify and characterise the SCMoV R gene the following activities need be undertaken CHAPTER 6: MAPPING A POTENTIAL RESISTANCE LOCUS FOR SCMOV IN MEDICAGO TRUNCATULA. 
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a)  Fine map to obtain more closely linked markers. 
b)  Identify BAC clones with these markers flanking the gene. 
c)  Sequence analysis to search for likely candidate R gene. 
d)  Functional analysis (knock-out or over expression). 
e)  Identify avr domain. 
f) Locate  virulence  determinants. 
g)  Understand the basis of resistance processes 
h)  Strategies to deploy virus resistance gene in legumes. 
The work presented in this chapter provides a basis for future research to isolate the SCMoV R gene. It 
also adds to understanding of the basis of disease resistance and brings closer manipulation of R genes 
in other species that may suffer from similar diseases. 
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CHAPTER 7 GENERAL DISCUSSION 
 
The research undertaken in this thesis includes three distinct aspects.  
1.  Contribution of new knowledge on the widespread occurrence of phytoplasma disease in crops 
and native plants in WA. The phytoplasma work was undertaken in those gaps when M. 
truncatula plants were being grown, or populations were being obtained for major screening 
activity for the second major aspect. 
2.  The first comprehensive screen of the M. truncatula core collection has been undertaken in 
which 215 accessions were challenged with four major legume infecting viruses (AMV, 
CMV, BYMV and SCMoV). A range of different host responses was described in this 
germplasm and resistant/susceptible lines identified for use in the third major activity. 
3. An  F8 RIL population was sourced and obtained that exhibited phenotypically extreme (R/S) 
responses to challenge by SCMoV. This population was phenotyped for R/S and further 
genotyped. The combined phenotypic and genotypic data were used to map a single SCMoV 
resistance gene in M. truncatula on the long arm of chromosome 6. 
The significance of each of these aspects is discussed in relation to the broader context of the 
respective areas. 
7.1 Phytoplasma and virus diseases 
The occurrence of phytoplasma disease is widespread in Australia (Streten et al. 2005; Streten and 
Gibb 2003; Streten and Gibb 2006). In WA, it extends from the north-west WA, through the mid-west 
to the south-west of the state (Saqib et al. 2005; 2006: Tairo et al. 2006). Although the field studies 
suggest that phytoplasma in crop plants probably originated in native vegetation, the origin of crop 
infection and comprehensive distribution status is still incomplete because large scale surveys have not 
been undertaken. There is certainly no evidence to support the possibility that the phytoplasmas 
observed were exotic, rather it is likely that the phytoplasmas are endemic to WA and that they have 
been present in native species for some time. It is perhaps surprising that, despite a 4,000 km distance 
between the northern and southern-most sample sites, which were separated by semi-desert climate 
and sparse vegetation, only two groups of phytoplasma have so far being found in WA, these are 
16SrII and 16SrXII groups in native and in cultivated plants.  
The results obtained do suggest that phytoplasmas can cross between native hosts and previously un-
encountered crop species. In addition to the hosts identified, it is probable that the phytoplasmas may 
be present in some native plants but without inducing obvious symptoms (Gibb et al. 2003; Saqib et 
al. 2007). Such native plants may naturally harbour the phytoplasmas which may only be marginally 
pathogenic in adapted species. For example, the symptomless casuarina plants sampled as negative 
controls in Kings Park and Botanic Garden were all found to contain phytoplasma. This suggests that 
native plants may have the capacity to tolerate phytoplasmas and have co-evolved to infection without 
obvious symptoms. The transfer of phytoplasmas from native to new cultivated plants may induce CHAPTER 7: GENERAL DISCUSSION. 
   107 
more severe responses because new hosts are not adapted to these pathogens. What triggers the 
phytoplasmas to become pathogenic and what the actual relationship of these phytoplasmas is with 
hosts is not known. It is likely that environmental (e.g. climate change), nutritional (nutrient imbalance 
or water stress) or changes in habitat (exotic plants, cultivated plants) may provide phytoplasmas with 
new opportunities. 
In this work, Australian native plants and introduced cultivated crop plants were diagnosed for the 
presence of virus and phytoplasma diseases between July 2005 and September 2007. Some new 
phytoplasma and virus hosts were identified. The new hosts identified were: 
a)  Phytoplasma-associated disease of Paulownia (Paulownia fortunei) trees (with K. Bayliss). 
b)  Phytoplasma-associated disease of chickpea (Cicer arietinum). 
c)  Sweet potato little leaf (SPLL) phytoplasma: new host Vigna unguiculata spp sesquipedalis 
(snakebean), Lycopersicon esculentum as a new host in the Broome region. 
d)  Phytoplasma-associated disease of red clover (Trifolium pratense). 
e)  Phytoplasma-associated disease of paddy melon (Cucumis myriocarpus). 
f)  Phytoplasma-associated disease of native Acacia (Acacia saligna). 
g)  Phytoplasma-associated disease of Western Sheoak or casuarina (Allocasuarina fraseriana). 
h) Presence  of  Bean common mosaic potyvirus (BCMV) in WA. 
i)  Tomato yellow leaf curl geminivirus- possible identification in WA. 
 
In terms of publications, items (a)-(h) have been published. Complete sequencing of the genome of 
BCMV is in progress and work on TYLCV remains unpublished until more verified samples have 
been obtained. It may be significant that the putative TYLCV identified in one sample from Carnarvon 
preceded the report of this virus in Queensland.  
Phytoplasma-associated disease contributes to important crop losses worldwide (Lee et al. 2000; 
Streten and Gibb 2006). At present there is almost no information on the economic losses caused by 
phytoplasma associated disease either for native or for crop plants in Australia. Genome sequence 
information is also lacking for Australian phytoplasmas. Breeding for resistance is complex, expensive 
and in case of phytoplasma so far not a practically successful approach for protection. Phytoplasma 
genome sequence information could be used to identify and map the pathogenicity determinants that 
overcome host defence. Once pathogenicity determinants have been identified this would help control 
and containment of the pathogen. Sequence information could also be applied to develop control 
methods for other phytoplasmas and perhaps to prevent the spread of the disease between cultivated 
and native plants. Unfortunately, lack of knowledge of genomics, proteomics and bioinformatics of 
Australian phytoplasmas is a limiting factor. With the advancement of sequencing technology it would 
be relatively straightforward to sequence the complete genome of some Australian phytoplasmas. 
Another aspect highlighted in this study is that little information is available on the transmission of 
phytoplasmas. A question to be answered is what insect/vector(s) are involved in the spread of 
phytoplasmas to cultivated crops? Based on glasshouse studies it is suggested that the leafhopper 
Orosius argentatus is a vector of the Australian Lucerne yellows (AluY) phytoplasma and CHAPTER 7: GENERAL DISCUSSION. 
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Austroagallia torrida is a vector of the Tomato Big Bud phytoplasma (Pilkington et al. 2004). There 
has been almost no work to identify vectors in WA or to control phytoplasma diseases. There has also 
been little work to identify the molecular mechanisms of insect acquisition and transmitting of 
phytoplasma between hosts (e.g. native to cultivated plants). One possibility is that the vectors that 
transmit phytoplasmas are evolving rapidly to adapt to new hosts and new climatic conditions. 
Another factor contributing to the spread of viruses and phytoplasmas is expanding world trade in 
agricultural products. Inland distribution may promote spread of pathogens. Imported seed is the most 
probable source of BCMV presence in Australia and imported seed has recently been shown to be the 
origin of a recent outbreak of wheat streak mosaic virus in Australia (Ellis et al. 2003). It is also 
tempting to predict that it is just a matter of time before TYLCV will be an important economic 
problem for horticulture in WA.  
7.2 Response of M. truncatula to virus infection 
Screening of M. truncatula against challenge by four legume-infecting viruses was an important 
component of the strategy to mine new virus resistance genes. The most efficient screening method 
was to use manually inocuable viruses, and this approach was chosen to screen the core germplasm. 
Screening of the M. truncatula core collection uncovered a range of responses to each virus, from very 
mild symptoms to severe symptoms resulting in plant death. This knowledge should contribute 
towards breeding other crop plants that have natural resistance genes to viruses. 
Care must be taken in interpreting results of glasshouse screening: some expression of resistance may 
be modified because interaction between viruses/vectors and between pathogens can change 
depending on environmental conditions. Based on the screening results and the sourcing and 
availability of mapping populations, the SCMoV resistance was chosen for further study. SCMoV is 
indigenous to Australia, relatively easy to maintain, mechanically transmitted and shows obvious 
symptoms in infected plants. All these factors contributed towards the third major part of the study i.e. 
mapping the first locus for a resistance gene to a virus, SCMoV in M. truncatula.  
7.3 Mapping a resistance locus to SCMoV in M. truncatula 
Following a search for a mapping population of M. truncatula an F8 recombinant inbred line (RIL) 
population was identified in France (INRA). This mapping population was derived from a resistant 
and susceptible cross (A-17 x DZA-315). Australian Quarantine and Inspection Services (AQIS) 
permission was obtained to import seeds of this mapping population.  
 
The phenotypic data and SSR marker results were combined and the R gene locus mapped to the long 
arm of chromosome 6 of M. truncatula. More detailed mapping showed that the SCMoV resistance 
gene is located on chromosome 6 between position 35 to 38 centimorgans (cM). The closest marker to 
the SCMoV R gene is marker mtic153 which is about 3 cM away. Available data on the R gene cluster 
suggest that most of the resistance genes located in this region are R genes of the TIR-NBS-LRR type. CHAPTER 7: GENERAL DISCUSSION. 
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The work carried out in this research has mapped the first resistance locus (R gene) against SCMoV in 
the legume M. truncatula. Work to fine map and identify the gene is currently in progress. Once the R 
gene has been identified and characterised, functional confirmation will include transfer to a 
susceptible accession and perhaps to other legume crop species as well and knocking out the R gene 
using RNAi. This approach also provides a unique opportunity to identify similar virus resistance 
genes in other legumes using a comparative genomics approach. 
There is an acknowledged need for the current work to be carried further by challenging M. truncatula 
with other virus isolate(s) of the four viruses and with additional legume-infecting viruses and 
screening of M. truncatula accessions with additional virus isolates is in progress at DAFWA. There is 
also a need to develop additional mapping population(s) (susceptible x resistant) to map and identify 
resistance genes against the other viruses. 
Although M. truncatula is a model legume species it was not always easy to work on as a model plant. 
It is not as convenient to use and does not have as many associated resources as does the most widely 
used model A. thaliana. M. truncatula accessions were difficult to grow and it was hard to handle the 
seeds, thorny pods, and flowers for crossing. The percentage seed germination was poor and 
occasionally the pods turned black just after harvesting the seeds. Seeds obtained from such pods did 
not germinate. Establishment of new crosses (between resistant and susceptible lines) was attempted 
on several occasions, but this requires considerable expertise to be successful. The delicate flower is 
small. Because of the nature of the flower, crosses have to be made under a microscope using fine 
tweezers. Sometime accessions and lines were not compatible and seed setting was difficult to 
achieve. The problem of compatibility needs to be worked out empirically. There is also a need for 
floral synchronization between the two parents. The marker data provided by INRA was difficult to 
work with as the marker data from the USA did not integrated well with the INRA genetic data and 
the map position of the markers shifted 2-5cM. There was some variation within the accessions and 
some accessions were difficult to score for resistance and susceptibility. Data from such accessions 
were discarded and excluded from the final results. Also a few inbred lines at the F8 generation still 
showed segregation and results from them were also discarded.  
Genetic linkage maps can be used in breeding programmes to help select for virus resistance. The M. 
truncatula  SCMoV resistance locus could facilitate the development of SCMoV resistance gene 
markers for marker-assisted breeding and the identification of genes controlling these phenotypes. 
Marker-assisted selection (MAS) is important for future plant breeding for virus resistance and the 
data provided here may help contribute to locate resistant traits in other legumes. Genetic markers are 
useful for detecting, tracking, combining, pyramiding, and retaining resistance genes. After fine 
mapping of the SCMoV resistance locus, an aim of subsequent research is to apply the current 
knowledge to develop DNA markers closely linked to or based inside the SCMoV R gene sequence.  
Existing approaches to virus control can involve the use of significant quantities of costly insecticides. 
A major outcome of the research would be to find genetic based durable disease resistance that could 
be useful in breeding programmes. Natural resistance to the viruses in the model legume M. truncatula CHAPTER 7: GENERAL DISCUSSION. 
   110 
should help development of new legume cultivars with natural resistance genes.  
In conclusion, the identification of new hosts for phytoplasmas and viruses has opened new avenues 
for research to study different strategies to contain the spread of phytoplasma and viruses in WA. 
Future work on phytoplasmas should include thorough surveying of phytoplasma disease in WA 
(native and cultivated plants), complete genome sequencing of Australian phytoplasma groups, the 
identification of insect/vectors, sources of resistance to phytoplasmas, devising molecular strategies to 
control phytoplasmas, based on whole genome sequence analysis, RNAi and transgenic plants 
harbouring resistance genes against phytoplasma. In addition there is no Centre of Excellence for plant 
pathogen research (phytoplasma/virus) in Australia and such a centre is needed for horticultural crops 
and native plants. Such a centre would be very helpful in devising effective strategies for control and 
eradication of phytoplasma and viruses which are emerging threats. 
Apart from the work undertaken in Adelaide to study and develop resistance to AMV in M. truncatula, 
the work on dissection of the molecular basis of resistance to legume viruses in M. truncatula is the 
only detailed work on viruses with this model species. It therefore provides a foundation and reference 
for future studies on M. truncatula-virus interactions. This will be useful for future work on sourcing 
resistance genes against a range of viruses and isolates. It will also provide a potentially useful source 
for identifying resistance to the viruses in other legumes such as chickpea, lupins, pea, faba bean and 
lentils. The outcomes of this research are promising in terms of enhancing the practical development 
of resistance gene(s) against plant viruses in grain and forage legumes.  
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Appendix 1 
Molecular marker data obtained from INRA France. Data for the cross A-17 x DZA-315 for the the 
markers mtic1114, mtic756, mtic759, mtic598, mtic1061, mtic153, mtic243, mtic731. The markers 
005d01, 004f08, 002f12, mitb156, mitb237 and mtic153 were close to the gene of interest and were 
run on the population screened for SCMoV.  Marker SCMoV is phenotypic data and was 
integrated and run with the genetic data.  
 
 
 
 
 
group  6  12 13 14 15 17 18 19 20 21 22 23 
mtic1114  B B A A B A -  A -  -  A 
mtic756  B  B  - A  B  A  - A  - - A 
mtic759  B  - - - B  A  - A  - - A 
mtic598  - - - - B  A  - A  - - A 
mtic1061  - - - - - - - A  - - A 
mtic243  B B A A B A -  B -  -  A 
mtic731  B  - - - B  A  - A  - - A 
SCMoV  B B A B B A B A B -  A 
005d01  B B A A B A A B B -  A 
004f08  -  A B B A B B B B -  A 
002f12  A B -  -  -  A B B B -  A 
mitb153  B A B B A A A B B -  B 
mtb237  B B A A B A B A B -  A 
mtic156    B B A -  B A B A B -  A 
RIL no  12 13 14 15 17 18 19 20 21 22 23 
 
 
group  6  1 2 3 4 5 6 7 8 9 10  11 
mtic1114  B -  B A B A -  A A B - 
mtic756  B B B A B B A A A B - 
mtic759  B -  B A B B A -  B B - 
mtic598  B -  B A B B A -  A B - 
mtic1061  A -  B A B B A -  B B - 
mtic243  A B B A B B A -  B B - 
mtic731  A -  B A B B -  -  B B - 
SCMoV  A B A A B A A A B B - 
005d01  A    B B B B A A A B B - 
004f08  A B B B A A A A B B - 
002f12  A B B B A A A A B B - 
mitb153  A B A A A A A B A A - 
mtb237  B B B A B A A B A B - 
mtic156    B B B A B A A A B B - 
RIL no  1 2 3 4 5 6 7 8 9 10  11 APPENDICIES 
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group  6  38 39 40 42 43 44 45 46 47 48 49 
mtic1114  B B B B A A -  A A A B 
mtic756  B B B B A A B A A A B 
mtic759  - - - - - - - - - - - 
mtic598  B B B B -  A -  A A A A 
mtic1061  - - - - - - - - - - - 
mtic243  B B A B A A B A A A A 
mtic731  B B A B -  A -  A A A A 
SCMoV  B B A B A A B A A A A 
005d01  B B A B A -  B -  A -  - 
004f08  B B A B -  -  A A A A A 
002f12  B B A B A -  A A A A A 
mitb153  B B A B B -  B -  B A B 
mtb237  B B A B A -  B -  A A B 
mtic156    B B A B A A B A A -  - 
RIL no  38 39 40 42 43 44 45 46 47 48 49 
 
 
 
 
Group  6  25 26 27 29 30 31 32 33 34 35 36 
mtic1114  B A B B A A A A -  B A 
mtic756  B B B A A -  B A A B - 
mtic759  B  - B  A  A  - B  A  - - - 
mtic598  B -  B -  A B B A -  B - 
mtic1061  B  - B  A  A  - B  A  - - - 
mtic243  B B B A A -  B A A B A 
mtic731  B  - - A  A  - A  A  - B  - 
SCMoV  B B B A -  A B A -  B - 
005d01  B B B -  -  A B A -  B A 
004f08  B B B -  -  A B A -  B A 
002f12  -  B B -  -  A B A -  -  A 
mitb153  A B A -  -  B B A -  B B 
mtb237  B B B -  -  A B A -  B A 
mtic156    B B B -  -  A B A -  B A 
RIL no  25 26 27 29 30 31 32 33 34 35 36 APPENDICIES 
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group  6  50 51 53 54 55 56 57 58 59 60 61 
mtic1114  A A B A A A A B B A A 
mtic756  B B B A A A A B B A A 
mtic759  - - - - - - - - - - - 
mtic598  B B -  A B -  -  B B B A 
mtic1061  - - - - - - - - - - - 
mtic243  B A B A B A A B B B A 
mtic731  B  A  - A  B  - - B  B  B  A 
SCMoV  B B B A B A A B B B A 
005d01  B B B A -  B A -  B B A 
004f08  B A A A -  -  A -  B B A 
002f12  B  B  A  - - - - - B  B  A 
mitb153  B B B A -  -  A -  B B B 
mtb237  B B B A -  -  A -  B A A 
mtic156    - - B  - - - - - B  B  A 
RIL no  50 51 53 54 55 56 57 58 59 60 61 
 
 
 
 
 
group  6  62 63 64 65 66 67 69 70 71 72 73 
mtic1114  B A -  B B A A B B A A 
mtic756  B A -  B B B A B B B B 
mtic759  - - - - - - - - - - - 
mtic598  B A -  B B B B B B A - 
mtic1061  - - - - - - - - - - - 
mtic243  B A -  B A B A B B B B 
mtic731  B A -  B A B A B B B B 
SCMoV  B A A B A B A B B B A 
005d01  B A A B A B A B B B B 
004f08  B A A B A A A B B B B 
002f12  B A A B A A A B B B B 
mitb153  A A A A B A B A B A B 
mtb237  B A B B B B A B B B B 
mtic156    B A A B B B A B B B B 
RIL no  62 63 64 65 66 67 69 70 71 72 73 
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Group  6  88 89 90 91 92 93 95 96 97 98 99 
mtic1114  -  B A A B A B A A A B 
mtic756  B B A A B A B A A A B 
mtic759  - - - - - - - - - - - 
mtic598  B B -  -  B A B A A A B 
mtic1061  - - - - - - - - - - - 
mtic243  -  B A A B A B A A A B 
mtic731  -  B -  A B A B A A A B 
SCMoV  B B -  A B A B A A A B 
005d01  B B -  B B A -  -  B A A 
004f08  B A -  B B B -  A B A A 
002f12  B A -  B B -  -  A B A A 
mitb153  A A -  A A A -  B A B A 
mtb237  B  B  - A  B  - - A  A  A  B 
mtic156    B  B  - A  B  - - A  A  A  B 
RIL no  88 89 90 91 92 93 95 96 97 98 99 
 
 
 
 
group  6  74 75 76 77 78 79 80 81 83 84 86 
mtic1114  A A B B B A A B A B A 
mtic756  A A B B B B A B A B - 
mtic759  - - - - - - - - - - - 
mtic598  A A B A B B A B A B - 
mtic1061  - - - - - - - - - - - 
mtic243  A A B A B B A B -  B A 
mtic731  A A B A B B -  B B B - 
SCMoV  A A A A B B A B A B A 
005d01  A A B A B B A -  B -  A 
004f08  A A A A A B A -  A -  A 
002f12  A A A A A B A A A B A 
mitb153  B B B A B A A A B A B 
mtb237  A  - B  - - - A  B  A  B  B 
mtic156    A A B A B B A B B B B 
RIL no  74 75 76 77 78 79 80 81 83 84 86 APPENDICIES 
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group  6 114 115 116 118 119 123 124 125 127 128 129 
mtic1114  B B A A B A A A B B B 
mtic756  B B A B B A A A B B B 
mtic759  - - - - - - - - - - - 
mtic598  B B A B A -  B -  -  -  - 
mtic1061  - - - - - - - - - - - 
mtic243  B B A B A A B A B B B 
mtic731  B  B  A  B  - A  - A  - - - 
SCMoV  B B A B A -  B B -  B - 
005d01  B  B  B  - A  - B  - - - - 
004f08  - A  - - - - B  - - - - 
002f12  - - - - - - B  A  - - - 
mitb153  A  A  B  - - - B  - - - - 
mtb237  - B  B  - - - B  B  - - - 
mtic156    - B  A  - - - B  - - - - 
RIL no  114 115 116 118 119 123 124 125 127 128 129 
 
 
 
Group  6  101 102 103 104 105 107 108 109 110 111 112 
mtic1114  A B -  A A A B A A A - 
mtic756  A B -  B A A B A B A B 
mtic759  - - - - - - - - - - - 
mtic598  A B -  -  A A B A B A - 
mtic1061  - - - - - - - - - - - 
mtic243  A B -  B A A B B B B - 
mtic731  A B -  -  A A -  B B A B 
SCMoV  A B -  B A A B B B A B 
005d01  A  B  - - - A  - - A  B  B 
004f08  A  B  - - - A  - - - B  - 
002f12  A B -  -  -  A A A B B B 
mitb153  B  A  - - - A  B  A  B  A  A 
mtb237  A B -  -  -  A B A B A B 
mtic156    A B -  -  -  A B A B A - 
RIL no  101 102 103 104 105 107 108 109 110 111 112 APPENDICIES 
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roup  6  135 136 140 141 142 143 144 147 148 152 154 
mtic1114  B A B B B B A B B A B 
mtic756  B A B A B B A B -  -  B 
mtic759  - - - - - - - - - - - 
mtic598  - - - A  A  B  A  - - - - 
mtic1061  - - - - - - - - - - - 
mtic243  B A -  A A B A A B B - 
mtic731  - - - - A  B  A  A  B  - - 
SCMoV  B -  B A A A A A -  A B 
005d01  B B B A A B -  A -  A A 
004f08  B B -  A A B B A -  B A 
002f12  B B A A A B A A -  B A 
mitb153  B A -  A A A A A -  A A 
mtb237  B A B A B B A A -  B B 
mtic156    B A B -  -  B A A -  A A 
RIL no  135 136 140 141 142 143 144 147 148 152 154 
 
 
 
 
 
group  6 157 158 159 160 161 162 164 166 167 168 169 
mtic1114  A B A B -  A A A -  A B 
mtic756  B B A B -  A B B -  A B 
mtic759  - - - - - - - - - - - 
mtic598  - - - - - - - - - - - 
mtic1061  - - - - - - - - - - - 
mtic243  B B A B -  B B B -  A B 
mtic731  - - - - - B  B  B  - A  B 
SCMoV  A B A B B B B B -  B B 
005d01  B -  A -  -  B B -  -  B B 
004f08  B -  A -  -  B B B -  B B 
002f12  B B A -  -  B B B -  B B 
mitb153  A -  A -  -  B A A -  B A 
mtb237  A B A -  -  B B B -  B B 
mtic156    B -  B -  -  B B B -  B B 
RIL no  157 158 159 160 161 162 164 166 167 168 169 
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group  6 171 173 174 175 180 182 183 184 186 187 188 
mtic1114  -  -  A B A B A A B B A 
mtic756  -  -  A B B B A B B B B 
mtic759  - - - - - - - - - - - 
mtic598  - - - - - - - - - - - 
mtic1061  - - - - - - - - - - - 
mtic243  -  -  A B B B A A A B B 
mtic731  -  -  -  B B B -  B A B B 
SCMoV    - - - - B  - A  B  A  B 
005d01  - - - - B  B  - B  B  A  B 
004f08  - - - - A  A  - B  B  A  B 
002f12  - - - - A  A  - B  B  A  B 
mitb153  - - - - A  A  - A  B  A  A 
mtb237  - - - - B  B  - A  B  B  B 
mtic156    - - - - B  B  - A  B  A  B 
RIL no  171 173 174 175 180 182 183 184 186 187 188 
 
 
 
 
  
 
 
 
 
 
       
             
group  6 190 191 193 194 196 197 198 200 201 203 205 
mtic1114  A A A A A A -  A A A A 
mtic756  A A A A A A -  A B A - 
mtic759  - - - - - - - - - - - 
mtic598  - - - - - - - - - - - 
mtic1061  - - - - - - - - - - - 
mtic243  B A A A A A -  A B A A 
mtic731  B B A A A A -  A -  A A 
SCMoV  B A A A A A -  A -  A A 
005d01  B -  A A A A -  A -  A A 
004f08  B -  A A -  A -  B -  A A 
002f12  B -  A A A A -  B -  A A 
mitb153  B -  A A B A -  B -  A A 
mtb237  B -  A A A A -  A -  A A 
mtic156    B -  A A A A -  A -  A A 
RIL no  190 191 193 194 196 197 198 200 201 203 205 APPENDICIES 
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group  6 207 208 209 210 211 212 213 214 215 216 217 
mtic1114  B A A A A A B A A -  B 
mtic756  B A B A A B B A A -  B 
mtic759  - - - - - - - - - - - 
mtic598  - - - - - - - - - - - 
mtic1061  - - - - - - - - - - - 
mtic243  B A B B A A B A A -  B 
mtic731  B B B B A -  A B -  -  A 
SCMoV  B A A A A A B A A -  B 
005d01  -  A A B A A -  A A -  B 
004f08  -  A A B A A -  A A -  A 
002f12  B B B A A A A A A -  A 
mitb153  -  A A A B B A B B -  B 
mtb237  B B A -  B A B A B -  A 
mtic156    B A A A A A B A A -  B 
RIL no  207 208 209 210 211 212 213 214 215 216 217 
 
 
 
 
group  6 218 219 220 221 222 223 224 225 226 227 229 
mtic1114  -  A B -  A A A A B A A 
mtic756  -  A B -  B B B B B A A 
mtic759  - - - - - - - - A  - - 
mtic598  - - - - - - - - - - - 
mtic1061  - - - - - - - - - - - 
mtic243  -  A A -  B B B B A A A 
mtic731  - A  - - A  B  B  - A  - - 
SCMoV  -  A A -  B B A A B -  A 
005d01  -  A A -  B B B B A -  A 
004f08  -  A A -  B B B B A -  A 
002f12  -  A B -  A A B B A -  B 
mitb153  -  A B -  B B A A A -  A 
mtb237  -  A A -  B A A A A -  A 
mtic156    -  A A -  B B B B A -  A 
RIL no  218 219 220 221 222 223 224 225 226 227 229 
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group  6 231 232 233 234 235 236 238 239 240 241 243 
mtic1114  A A -  A B A A B A B A 
mtic756  B A A A B A A B A B A 
mtic759  - - - - - - - - - - - 
mtic598  - - - - - - - - - - - 
mtic1061  - - - - - - - - - - - 
mtic243  B A A A -  A A A B B A 
mtic731  B B -  A A -  B A A -  A 
SCMoV  B A A A -  A A A A B A 
005d01  B  A  - - B  A  - B  - B  A 
004f08  B  A  - - B  A  - - -   B  A 
002f12  B A -  -  B A -  A B B A 
mitb153  A A -  -  A B -  B A -  - 
mtb237  B A -  A B A -  A A B A 
mtic156    B  A  - A  B  - - - A  B  A 
RIL no  231 232 233 234 235 236 238 239 240 241 243 
 
 
 
 
 
Group 6  244  246   
mtic1114 A  A   
mtic756 A  A   
mtic759 -  -   
mtic598 -  -   
mtic1061 -  -   
mtic243 A  A   
mtic731 A  A   
SCMoV A  A   
005d01 A  B   
004f08 A  B   
002f12 A  -   
mitb153 -  -   
mtb237 A  A   
mtic156   A  A   
RIL no  244  246   
      
 